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Summary
T he knowledge of atomic structures is essential to understand the mechanics andchemistry of proteins in fundamental research and is often the base for drug
development. During the last decades, X-ray crystallography has been the primary
method for determining atomic models providing an impressive number of molecular
structures. Nevertheless, the technique is limited by the fact that the complexes of
interest have to be crystallized. Nuclear magnetic resonance (NMR), which is used
as an alternative to solve biomolecules in solution, has the drawback of consuming
large amounts of protein, being labour intensive and challenging for large molecules.
In recent years, cryogenic electron microscopy (cryo-EM) has evolved as an im-
portant tool for protein structure determination. Technical advances in the instru-
mentation and increased computational power combined with better processing
algorithms caused a massive improvement in the resolution of obtained structures.
For these achievements Jacques Dubochet, Joachim Frank and Richard Henderson
were awarded with a Nobel Prize in 2017. However, sample preparation methods
lack behind and did not change a lot. A significant complication is the production of
target proteins in sufficient amounts and quality. Although only some thousands to
a few million protein particles must be imaged to solve a protein structure, much
larger quantities are required to prepare specimens for cryo-EM. Conventional sample
preparation methods are very wasteful with proteins and more than 99 % of protein
is lost during a paper blotting step. Thus, considerable amounts of purified proteins
have to be produced using complex and costly procedures usually including several
chromatography steps.
In this thesis, a novel sample preparation and purification system consuming only
minute amounts of biological material is presented. The system allows the purification
of proteins and the subsequent preparation of isolated targets for negative stain
and cryo-EM. We constructed corresponding hardware and software described in
Chapters 1 & 2. The application of the system on biological samples is demonstrated
in Chapters 3 & 4. As an example, we purified endogenous human 20S proteasome
starting with <1 µL HeLa cytosol and determined it’s 3D structure at a resolution of
3.5Å. In Chapter 5, we show the purification of recombinantly expressed proteins by
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T he molecular architecture of biomolecules is the basis for all life forms. Es-pecially proteins are of particular interest since they are the main ’acting’
molecules in virtually all biological processes. Proteins are essential for diverse
activities, such as the catalysis of chemical reactions, information processing, force
generation or energy harvesting. They are the end-product of a tightly controlled
translation system, where a genomic nucleotide sequence is translated into a chain
of amino acids. In the end, the amino-acid chain folds into a precisely defined
three-dimensional (3D) arrangement. This folding is crucial for the proper protein
function, and the knowledge of the 3D structure is essential to understand the
mechanics and chemistry of the protein. Information about the 3D fold can also
be used for practical applications such as drug design. Unfortunately, the folding
process is poorly understood, and experimental approaches are required to ’solve’
the 3D structure of proteins.
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In the past 60 years the vast majority of macromolecules were determined using
X-ray crystallography [Wlodawer et al. 2007]. Using this technique proteins are
crystallized and exposed to an X-ray beam. The X-rays interacting with the atoms
form a unique diffraction pattern, which is used to generate an atomic model. This
approach is enormously powerful and provides high resolution information depending
on the crystal quality. However, the method is limited by the fact that the artificial
growth of 3D-crystrals is a necessity [McPherson & Gavira 2013]. Many proteins
cannot be crystallized, e.g. protein filaments must have exactly multiples of the
numbers 2, 3, 4 or 6 of subunits to pack into a crystal and even when crystallization
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is possible contacts between crystals can lead to local artifacts. Furthermore, the
proteins are fixed in a specific conformation depending on the crystal. Thus, for
every protein conformation a different crystal form is needed, which explains the
rather ’static’ picture of proteins that was obtained in the last decades.
In the 1980s nuclear magnetic resonance (NMR) techniques emerged providing
an extensive toolset for studying the dynamics, chemistry and kinetics of proteins
in solution [Kleckner & Foster 2011]. NMR methods also allow the triangulation
of inner distances in macromolecules measured by the "nuclear Overhauser effect".
This provides bundles of structures, which reflect in a certain degree the overall
structural dynamics of proteins [Markwick et al. 2008]. NMR does not need the
protein to be crystallized, however, to keep measurement times reasonable, high
protein concentrations are required (>20 µM), and the size of the proteins that can
be studied is limited (<60 kDa).
In the 1990s cryogenic electron microscopy (cryo-EM) started to be used in many
laboratories as a method to study biomolecules. Thereby sample is spread over a
thin layer of a holey carbon film. The specimen is then plunged into liquid ethane
for vitrification, creating a thin layer of vitreous ice. Later the specimen is exposed
to the electron beam in the microscope and 2D projections of the protein particles
are recorded. Ideally, the individual copies of protein particles adopt different orien-
tations in the ice layer, which allows for classification and averaging to reconstruct
a 3D volume. This is the most commonly used variant of cryo-EM; termed single-
particle analysis. Traditionally single-particle EM was used for protein complexes
that resisted crystallization because not so long ago, cryo-EM could only provide low
resolution structural information. Therefore, X-ray crystallography was the domi-
nating technique for decades. However, during recent years, cryo-EM increasingly
gained importance and became the method of choice for many structural studies
[Kuhlbrandt 2014]. This development can be attributed two major innovations.
Once is the introduction of direct electron detector cameras (DED) for electron
microscopes in 2012 [Wu et al. 2015]. Direct electron detectors have a much better
performance and read out speed compared to traditional recording media, CCD
cameras and photographic films. Further, blurring caused by drifting of the stage
or beam induced movements can now be compensated with motion correction. The
other is improvement of data processing hardware and software. Much more power-
ful microprocessors allow to use computationally expensive algorithms classifying
several thousands of EM images. This technological breakthroughs led to the so
called "resolution revolution" [Kuhlbrandt 2014]. First sub-3Å maps were solved in
2015 using the single particle approach [Campbell et al. 2015] and transformed the
method to a mainstream tool for structure determination. Now cryo-EM provides
structures near-atomic resolution, high enough for research e.g. for drug design in
pharmaceutical industry.
2
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1.1 Sample preparation for cryogenic electron microscopy
Despite the amazing progress made in the field of cryo-EM in the last years, sample
preparation methods did not improve significantly since their invention 30 years ago
[Dubochet et al. 1987]. Conventional methods consists of pipetting 2 - 3 µL of sample
onto a metal mesh (Cu, Ni or Au) covered by a support film (carbon or gold), that is
mostly perforated (see Figure 1.1). Then most of the sample is blotted to a thin layer
in the order of 10 - 100 nm spanning the micrometer-sized holes of the perforated
layer by applying a filter paper to one or both sides of the grid. Immediately after
blotting the grid is plunged into liquid ethane or into an ethane/propane mixture for
vitrification. Due to the cooling rate greater than 104 K s−1, a thin sample layer of
noncrystalline ice is formed, which is later transferred into an transmission electron
microscope (TEM). This procedure allows to conserve proteins near-physiological
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Figure 1.1: Typical structure of a cryo-EM grid and standard cryo-EM sample preparation
procedure. a) Conventional grid used for cryo-EM, consisting of a metal mesh (commonly
copper or gold) covered with a perforated (holey) carbon film [Chester et al. 2007]. Alterna-
tively, grids with other supports such as lacey carbon [Baumeister & Seredynski 1976] or
perforated gold films are used. b) Vitrified grid showing the ice-filled holes of the carbon
layer containing the protein (yellow). c) Classical cryo-EM grid preparation procedure: i) 2 -
3 µL of sample is pipetted by hand onto the holey carbon film of a cryo-EM grid. ii) Surplus
liquid is blotted away with a filter paper to form iii) a thin sample film. iv) Finally, the grid
is plunged into liquid ethane for vitrification.
3
1 INTRODUCTION
Although this cryo-EM grid preparation method has become well established, it
has some major drawbacks. First, most of the 2 - 3 µL sample volume (>99.9 %) is
removed by the filter paper and lost during preparation. Often the used proteins were
produced in a costly and time-consuming process providing only minimal amounts
of a final product. Thus, only a few grids can be prepared with standard sample
preparation methods and screening conditions are limited. Apart from this, the filter
paper itself leads to various problems. In some cases, inhomogeneous ice thickness can
be attributed to the filter paper surface, which is quite rough on a microscopic level.
Further, paper blotting can cause protein aggregation, denaturation or deformation.
The filter paper consisting out of cellulose contains many trace elements such as
calcium or magnesium, so contact might influence pH and properties of the sample.
Typically, the blotting process takes 1 - 6 s, which is long enough for contaminats in
the filter paper to get to the blotted sample and reach problematic concentrations.
Metal-sensitive proteins or certain polymers are unstable in the presence of high
levels of divalent ions [Parmar et al. 2018, Walker et al. 1994]. Also shear rates
in the order of 5000 s−1 [Lin et al. 1992] generated during the blotting process can
lead to shear-related changes of proteins that are often not representing the native
morphologies in solution.
4
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1.2 Sample preparation for negative stain electron microscopy
For quality control and screening applications, hydrated proteins do not necessarily
have to be frozen. Instead, negative staining EM can be used where proteins
are embedded into a thin amorphous layer of dried heavy metal salts to increase
sample contrast. In this approach, the stain is not applied to the sample but to it’s
environment. Hence, the electron beam can penetrate the sample easier than the
surrounding space and an inverted, "negative" contrast is obtained (see Figure 1.2b).
Compared to cryo-EM, the resolution is seriously limited to a maximum resolution of
approx. 18 - 20Å. However, the enhanced contrast allows to analyze relative small
proteins. In most cases, samples are first analysed and optimizes using negative
staining, since it is a much simpler, faster and more cost-effective method. Thereby,
sample properties such as homogeneity/heterogeneity and complex or large assembly






Figure 1.2: Typical structure of a negative stain grid and standard negative stain sample
preparation procedure. a) Conventional negative stain grid covered with a first layer of
an electron transparent polymer (e.g. Parlodion) and a second layer of amorphous carbon.
b) Negatively stained proteins (yellow) embedded in the electron dense layer of stain (e.g.
uranyl acetate). The electron beam mainly interacts with the stain surrounding the proteins.
c) Classical negative stain grid preparation procedure: 2 - 3 µL of sample is placed on the
grid and incubated for typically 1 min. Excess liquid is then blotted away using a filter
paper followed by the incubation with a droplet of negative stain solution for a few seconds.
Finally, also the stain is wicked away and the sample is dried at room temperature.
In conventional negative staining EM (see Figure 1.2), 2 - 3 µL of sample is deposited
on top of an electron transparent two-layer coated grid for around 1 min. During
this incubation time, protein particles settle down and adsorb onto the grid coating.
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Then the liquid is absorbed by a filter paper and a drop of negative staining solution
is applied, which is also blotted away a few seconds later. After drying, the specimen
can be introduced into the electron beam for analysis.
1.3 Alternative sample preparation strategies for transmission electron
microscopy
There is room to improve many aspects of the classical TEM grid preparation ap-
proach. Sample consumption can be reduced using miniaturized setups, for better
reproducibility fully automated systems controlling precisely the environment tem-
perature, humidity and the applied sample volume are needed and systems without
much user interaction also might improve the overall quality of specimens. Further,
the harsh and wasteful paper blotting step involved in traditional grid preparation
methods should be avoided. In this section, new grid preparation approaches slowly
emerging in the recent years are discussed.
A device termed Spotiton™ was developed in 2012, which dispenses volumes of 2 -
16 nL sample through piezo-electric inkjet technology onto EM grids [Jain et al. 2012].
Spotiton™ prepares cryo-EM grids in a highly automated and fast manner using
only minimal amounts of sample. Besides sample vitrification for cryo-EM it also
allows the deposition of sample onto negative stain grids. However, the staining
process itself still has to be done manually with conventional techniques. Although
only minimal amounts of sample per grid are needed, the system has to be primed
with 1 µL of sample before its use. Further, the well-developed inkjet technology
allows controlling the single droplet size very accurately, but the surface tension and
low viscosity limit the spreading on the grid. Therefore, the resulting individual
droplets are too thick for cryo-EM and custom "self-blotting grids" featuring copper
peroxide nanowires on the surface have to be used to wick away surplus liquid. In
order to avoid blotting completely, smaller droplet volumes with a diameter of 1 -
30 µm can be used. Such droplets better spread over the grid and result in a film
thickness of 100 nm or less. This has been shown using nebulizers, micro-nozzles and
electrospray techniques, [Berriman & Unwin 1994, White et al. 2003, Lu et al. 2009],
where the grid is plunged through a sprayed region on its way into the ethane cup.
The major advantage of spraying techniques is the precise timing and the possibility
of in-flight applications to the sample. This enables mixing two reactant solutions
within 10 ms before vitrification for time-resolved studies [Walker et al. 1999, Barnard
et al. 2009, Lu et al. 2009]. Unfortunately, such spraying devices entail large death
volumes where even more sample is lost than with conventional methods. For this
reason, they have not established for mainstream usage so far. Other techniques
focus on the deposition of multiple samples onto a single EM grid, which significantly
reduces sample consumption and required microscopy time. This has been shown
6
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for negative stain EM, pin-printing three different proteins on a single grid [Castro-
Hartmann et al. 2013] and also for 96 different inorganic nanoparticle samples that
were applied to a single specimen [Mulligan et al. 2015]. However, in such approaches
problems can arise when treating all the different samples with the same washing
and staining procedure, which might need slight adaption in each case. In addition,
cross-contamination during washing and staining must be controlled.
1.4 Microfluidic grid preparation for transmission electron microscopy
In this thesis a novel microfluidic based grid preparation was approach used and
further developed. For cryo-EM (Figure 1.3a), a glow-discharged grid is placed
on a temperature controlled stage kept a few degrees above the dew point and a
sample droplet of 3 - 30 nL is applied with a microcapillary. While dispensing the
microcapillary moves in a spiral pattern to cover an area of the grid as large as possible.
After deposition, excess sample is removed and recovered by re-aspiration and a thin
film spreading over the surface of the holey carbon film remains. Subsequently, the grid
is plunged into liquid ethane for vitrification using the grid plunge freezing mechanism
of the cryoWriter setup. For negative staining (Figure 1.3b), the microcapillary is
loaded with 3 - 10 nL of sample and then immersed for 2 - 12 min into negative staining
solution. Thereby, a diffusion driven exchange between the salt ions of the sample
and the heavy metal salts of the staining solution takes place. Sample loss caused by
the diffusion process can be neglected due to the much smaller diffusion coefficients
of the proteins compared to the salt ions [Arnold et al. 2016]. After the conditioning
step, the sample is deposited onto a negative stain grid and dried under controlled
conditions. The whole grid preparation procedure for both, negative stain and
cryo-EM, is fully automatized using an in-house developed scripting language termed
openBEB [Ramakrishnan et al. 2014]. In this way, parameters are meticulously
controlled providing more reproducible results.
1.5 Microfluidic protein purification for transmission electron microscopy
In single particle cryo-EM thousands of identical protein particles are imaged and
computationally averaged together. This requires specimens providing highly con-
centrated, homogenous particles without a lot of background noise. Thus, proteins
must be purified from crude cell lysate and concentrated for data collection. Since,
the natural expression level for most proteins is relatively low it is often difficult
to achieve sufficient high protein concentrations for cryo-EM studies. Therefore,
proteins are commonly recombinant expressed in a host system, which also allows
the introduction of affinity tags for purification later. However, several pitfalls can







Figure 1.3: Microfluidic cryo-EM and negative stain grid preparation using the cryoWriter
setup. a) Preparation of a cryo-EM grid: i) Around 3 - 20 nL is aspirated into the micro-
capillary tip and ii) deposited onto a cryo-EM grid kept at a temperature ∼7 ◦C above the
dewpoint. While dispensing the microcapillary is moved relative to the grid in a spiral pattern,
covering an area as large as possible. iii) Excess sample is re-aspirated after deposition.
Subsequently, the grid is withdrawn from the stage, flipped by 90° into the vertical position,
and plunged into a cryogen bath. b) Preparation of a negative stain grid: i) 3 - 10 nL sample
is aspirated from the sample stock. ii) Then the microcapillary tip is immersed into negative
staining solution for a sample conditioning step. Ions and small molecules are exchanged by
diffusion, which leads to the introduction of stain and desalting of the sample. iii) Finally,
the sample is dispensed on the grid and iv) dried.
host cell. Successful expression is therefore not always possible and endogenous
proteins have to be isolated from large amounts of biological starting material. Subse-
quent methods for protein purification commonly consists of several time-consuming
chromatography steps involving cycles of target binding and washing. For each
purification step, retention of the biological activity and chemical integrity of the
polypeptide must be ensured. Due to the many steps required in such procedures,
this can be very challenging. Furthermore, elution steps often involve damaging
conditions (e.g. low pH or addition of chemicals) and dilute samples, which results in
lower final concentrations. Since only a very small number of individual protein par-
ticles (10,000 to a few millions) need to be imaged for high-resolution reconstruction
by the single particle approach, miniaturized sample purification become feasible for
EM. In this thesis, a microfluidic based approach combined with magnetic separation
is presented. The basic principle of the approach is very simple (see Figure 1.4):
Magnetic particles having affinity to the target proteins (accomplished e.g. through a
8
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Figure 1.4: Affinity based microfluidic protein isolation using magnetic particles.
a) Antibody fragments (green) and magnetic nanoparticles (brown) are incubated with the
sample and form a complex with the target structure (red). b) Scheme of the composite
material used for protein extraction: The streptavidin coated magnetic beads are linked
via photo cleavable NHS-Biotin cross-linker to an antibody fragment, capturing the target
proteins. c) Then the sample is passed through a magnetic trap, d) where magnetic particles
and their cargo are retrained and other components of the sample are flushed away. e)
Immobilized target proteins are recovered and eluted by photo-cleavage.
primary antibody) are mixed with the sample containing the target compound. The
sample can be crude cell lysate, whole blood, plasma, ascites fluid or many others.
After a short incubation time, target proteins are immobilized and washed using a
magnetic trap. Then the isolated proteins are eluted by cleaving the photo-cleavable
crosslinker with UV-light or by removing the magnetic field while the targets are still
bound to the magnetic particles. In the second case, the magnetic particles can later
be used as electron dense labels for imaging or as fiducials for electron tomography.
Microfluidic based approaches comprises many advantages compared to standard
purification techniques. The simple low scale procedure consisting of only a few steps
makes the protein isolation procedure extremely time and cost effective. Proteins can
be purified within only a few hours without the need of expensive chromatography
systems, filters, or centrifuges. Pre-processing steps to remove suspended solid and
9
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fouling components present in the sample are not needed; instead, crude sample can
be used directly. The use of photo-elution allows gentle protein elution in minute
volumes without applying harsh conditions. Only specifically bound proteins are
released while unspecific bound proteins remain bound to the immobilized beads.
The reduced shearing forces and the higher protein concentrations throughout the
isolation process compared to chromatography techniques allows even large protein
complexes to remain intact [Giss et al. 2014]. And finally techniques involving
magnetic particles also have high potential for automatisation e.g. to determine a
variety of analytes.
1.6 Magnetic nanoparticles for protein purification
In the recent time, magnetic particles became very popular and were applied in many
fields such as magnetic resonance imaging, targeted drug delivery or cancer treatment
[Larson et al. 2007, Mahon et al. 2012, Swain et al. 2016]. Particles can be prepared in
the laboratory or obtained commercially from a variety of suppliers. The production
of particles with uniform shape and narrow size dispersity requires a lot of know-how
and finding appropriate high quality magnetic particles for immunoprecipitation is
not that easy. Figure 1.5 shows a selection of magnetic particles that were tested
in this thesis. In most cases, magnetite (Fe3O4) is used as a material because of
its interesting magnetic properties [Brullot et al. 2012]. Magnetic particles in the
size range between 5 and 30 nm exhibit a superparamagnetic behavior, which means
that there is no remaining magnetism (remenance) after removal of external fields
and particles do not interact with each other anymore (see Figure 1.6) [Bedanta &
Kleemann 2008]. This is a highly valuable property, since the particles can be easily
resuspended in solution and remain in suspension for a long time. To achieve similar
properties for larger particles, polymer-encapsulated shells with magnetic iron oxide
pigments are often used. This combines the superparamagnetic behavior of small
particles with the easier handling of larger magnetic particles. Typically, all types of
magnetic particles designed for biological applications are coated with a polymer,
silica or organic ligands [Na et al. 2011, Petri-Fink et al. 2008, Ji et al. 2007]. This
stabilizes the particles, improves the colloidal properties and allows to functionalize
the surface. For affinity absorption, the surfaces are functionalized with different
ligands. In most cases, streptavidin and protein A/G are used. Protein A/G allows
binding of antibodies and streptavidin has a high affinity to biotin which can be used
to link biotinylated molecules. However, functional groups such as –COOH, OH or
–NH2 present on the coating of the magnetic particles, also allow the immobilization
of other ligands.
For immunoprecipitation, specific antibodies have to be coupled to the particle
surfaces. Unfortunately, the approach of using the protein A/G interaction entails
10




Figure 1.5: Selection of magnetic particles tested in this thesis. a) Magnetic ferritin protein
particles. b) CANdots Series M, 10 nm sized iron oxide particles from CAN GmbH Hamburg.
c) SHS-10, 10 nm sized iron oxide particles from Ocean NanoTech. d) Precision MRXTM,
15 nm sized iron oxide particles from Imagion Biosystems. e) SHS-30, 30 nm sized iron oxide
particles from Ocean NanoTech. f) Precision MRXTM, 25 nm sized iron oxide particles from
Imagion Biosystems. g) SV0050, 50 nm sized iron oxide particles from Ocean NanoTech. h)
TurboBeads Amine, 50 nm sized iron oxide particles from TurboBeads Llc. i) DynabeadsTM
MyOneTM Streptavidin T1, 1 µm sized iron oxide particles from Thermo Fisher Scientific.
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Figure 1.6: Comparison of superparamagnetic and ferromagnetic particles. a) i) Typical
magnetization curve for superparamagnetic particles, showing zero remanent magnetization
after external field removal. Chain-like superstructure of ii) magnetite nanoparticles <30
nm and iii) composite microspheres composed out of magnetite pigments, which exposed to
a magnetic field (H 6= 0) and the decomposition of the superstructure after field removal
(H = 0). b) i) Typical magnetization curve for ferromagnetic magnetite particles >30 nm,
showing non-zero remanent magnetization after external field removal. ii) Here, particle
superstructures are still present after external field removal (H = 0) due to the dipole-dipole
interactions of the still magnetized particles.
some considerable disadvantages: Magnetic particles have to be coated with protein
A/G, harsh buffer conditions possibly affecting the protein structure are needed for
the elution of isolated targets, and the affinity of protein A/G to antibodies strongly
depends on the antibody species and isotype. For this reason an alternative method
was developed in this thesis, based on a photo-cleavable crosslinker featuring a biotin
moiety on one end (Figure 1.7a&b). Whereas the biotin binds to the streptavidin
coated bead surface, the amine reactive ester group on the other site of the crosslinker
is linked to an amine group of an antibody such as the α-group of the N-terminus or
the ε-amine of lysine side chains. Steric hindrance interfering with the bead-antibody
coupling reaction is reduced through the polar spacer arm. For protein elution at the
end of a purification experiment, two different approaches were used (Figure 1.7d).
Either the proteins were eluted together with the still attached magnetic particles
12
1.6 Magnetic nanoparticles for protein purification
(Figure 1.7d iii), in this case the beads serve as electron dense labels for imaging
later; or the photolabile group of the crosslinker was cleaved by UV exposure and
the target structures were eluted without beads (Figure 1.7d i). Usually for each ap-
proach, different beads were used. For photo-elution, larger beads are more suitable,
because of the less dominant scattering effects, which reduce the cleavage efficiency
(Figure 1.7c). On the other hand, smaller particles are the best choice when no
photo-cleavage is performed to avoid long protein elution steps. If target proteins
have more than one antibody binding epitope, they may be cross-connected through
the antibodies and aggregation can occur (Figure 1.7d ii). Therefore, fragments
having only one antigen binding site instead of full antibodies were often used in this
thesis to prevent this problem.
Biotin Polar Spacer Arm Photocleavable Nucleus
Amine Reactive Ester
Particle Size   Supplier   Transmission
10 nm      OceanNanoTech 2 %
15 nm     MRXPrecision  4 %
20 nm     OceanNanoTech 9 %
25 nm     MrxPrecision  12 %
30 nm     OceanNanoTech 22%













Figure 1.7: Coupling of antibodies to magnetic particles and elution of isolated target
structures. a) Composite material used for protein extraction. b) Crosslinker with photo-
cleavable moiety. c) Ratio of a transmitted 365 nm light beam, through a 1 mm light path of
1 mg mL−1 iron oxide particle suspensions. Due to scattering effects, the amount transmitted
light decreases with the particle size. Hence, for experiments comprising photo-elution, larger
beads are more suitable. In contrast, beads can be eluted together with their cargo and
be used as electron dense labels in the microscope. In this case smaller particles are more
favorable. d) i) Isolated 20S proteasomes recovered with photo-elution and purified from
cell lysate using 1 µm microspheres with antibody fragments and ii) full antibodies. The
application of full antibodies can lead to aggregation. iii) Isolated 20S proteasomes obtained
without photo-elution using magnetic iron oxide nanoparticles. Scale bars: 15 nm.
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1.7 Development of a magnetic particle trap
For the immobilization of magnetic particles, magnetic separators are needed. Parti-
cles > 500 nm can be separated using commercial systems comprising of rare-earth
permanent magnets, which are available at reasonable prices. Such systems are
commonly designed for standard Eppendorf tubes or titration plates, where volumes
from approx. 50 µL up to 10 mL can be applied. Alternatively, more expensive
flow-through separators composed of a special column may be used. Particles are
pumped through the column matrix made out of fine magnetic grade stainless steel
wool or small balls. The matrix magnetized by two external magnets retrains the
magnetic particles in the column. After removal of the external magnets, the particles
can be eluted by the flow and gentle vibration of the column.
In this thesis, magnetic particles ranging from 10 nm to 2 µm were trapped in
a microcapillary of a diameter of 150 µm. Since, there are no commercial systems
available applicable to microfluidics and capable to trap nanoparticles in reasonable
timeframes, a custom particle trap system was developed and optimized. Therefore,
several factors including i) magnetic force, ii) viscous drag, iii) particle/fluid interac-
tions, iv) gravity, v) buoyancy, vi) thermal kinetics and vii) interparticle effects had
to be considered. To get a first basic understanding of magnetic particle trapping
Newton’s equation of motion F=m·a for the magnetic force Fm acting on a saturated
magnetic particle was solved:
Fm = V ·MS · µ0 · ∇H (1.1)
where V is the volume of the particle, MS the saturation magnetization and H the
magnetic field strength. In order to immobilize magnetic particles in a microfluidic
system, the magnetic force Fmag must be larger than the hydrodynamic drag force
Fdrag acting on a particle given by the Stokes law:
Fdrag = −6πηr∆v (1.2)
where η is the viscosity of the medium, r the particle radius, and ∆v the velocity
difference between the particle.
Equation 1.1 is based on Newton’s law and does not consider Brownian motion, which
becomes important if the bead diameter D is small enough. The critical diameter
can be determined using the condition from Gerber et al [Gerber et al. 1983]:
|F |D ≤ kT (1.3)
When the criterion is fulfilled the advection-diffusion equation for the particle con-
centration c rather than the Newton equation for the trajectory of a single particle
has to be solved. The result can be expressed as
Fm = µ0V f(H)(H · ∇)H (1.4)
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(χp−χf )+3 H < (
(χp−χf )+3
3χp )MS
MS/H H ≥ ( (χp−χf )+33χp )MS
χf is the susceptibility of the fluid and χp the susceptibility of the particles [Furlani
& Sahoo 2006]. For large magnetic field strengths H we obtain the same expression
as in Eq. 1.1. Here it is important to mention that all this equations hold true
for single magnetic particles in solution. In practice, the dipole-dipole interactions
between the particles form aggregates of various shapes (often chains) leading to a
larger net size. Therefore, smaller particles can be trapped than predicted by these
equations especially when using high particle concentrations.
However, the equations show that high magnetic field gradients are needed to
trap magnetic particles. Since, the magnetic force acting on the particles scales
with r2 this becomes particularly difficult for magnetic particles <50 nm. Magnetic
field gradients can be generated using permanent magnets or electromagnets, which
both have their respective advantages and disadvantages. Permanent magnets don’t
require a power supply but the magnetic field cannot regulated or switched off. In
contrast, the field strength of electromagnets can be adjusted by the applied power.
Here, the disadvantage is Joule heating, which is major inconvenient for biological
samples.
In this thesis, a magnetic trap consisting of two electromagnets arranged with
opposite poles facing one another was developed. Attached iron tips extend the
magnet cores and concentrate the magnetic flux to a small area where a high magnetic
field gradient is achieved. In this region, magnetic iron oxide nanoparticles down to
a size of 10 nm can be immobilized (see Figure 1.8). Joule heating of the trap system
is counteracted with an implemented cooling circuit. Depending on the material,
also parts of the trap system exhibit remaining magnetism after switching off the
electromagnets, similar to the magnetic particles (see Figure 1.6b). We used soft
iron, a material known because of it’s low remanence for our construction. However,
also soft iron has remaining magnetism, which influences the performance of the trap
negatively. In order to eliminate the last bit of magnetization, a Degaussing process
was implemented employing a decaying alternating current to the electromagnets.
Due to the decaying alternating field, the magnetic moments inside the soft iron parts








































































Figure 1.8: Electromagnetic particle trap. a) The electromagnetic trap consists of two
electromagnets (1) that produce a strong magnetic field gradient via their water-cooled iron
tips (2). Sample processing in the capillary (3) is monitored by a camera (4), and a UV
LED (5) allows photo-cleavage (see Figure 1.7) of the sample, both via mirrors. b) Image of
a particle plug and c) illustration of it. d) Finite element simulation of the magnetic field
generated by the electromagnetic trap system. The 2D plot of the magnetic shows the flux
density around the iron tips (black solid lines). The direction of the magnetic fields is shown
with black arrows. The size of the arrows is proportional to the field strength. The values in
the color scale are given in Tesla (T). e) Extracted 1D plots of the magnetic flux density
from the 2D plot in (a) at the positions indicated with dashed lines. The figure shows that
between the tips (x=0) the highest field gradients are observed. This leads to a magnetic
force Fm pushing magnetic particles towards this region.
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1.8 Surface passivation of a microfluidic system
Nonspecific biomolecule adsorption of internal surfaces in microfluidic devices is a
common problem. Highly concentrated samples may cause clogging of the device,
whereas in low concentrated samples large proportions are lost. Therefore, surface
passivation techniques are widely used. Commonly polymers such as poly(ethylene
glycol) (PEG) are bound to the surface of microfluidic channels, which function
as a water-binding hydrogel-like brush, with protein-resistant properties [Hellmich
et al. 2005]. Dependent on the length, flexibility and density of these chains the
protein repelling properties can be adjusted. It is assumed that steric repulsion of the
polymer brush prevents the contact between the proteins and the underlying surface.
Further, a hydration shell around PEG molecules could suppress energetically protein
adsorption. However, the molecular protein repulsion mechanisms of PEGylated
surfaces is not fully understood [Heuberger et al. 2005]. In this thesis, poly(L-lysine)-
graft-poly(ethylene glycol) (PLL-g-PEG) was used for surface passivation, which
significantly improved the yield of isolated proteins.
1.9 Structure and aim of this thesis
The goal of this thesis is to miniaturize sample preparation and protein purifica-
tion procedures for TEM. To this end, a robotic system for microfluidic sample
handling was constructed in collaboration with other group members. The robot
allows preparing minute volumes of sample for TEM in a highly automated manner
and the isolation of proteins for high-resolution structure determination from less
than 1 µL cytosol. We show first experiments with different samples and present new
opportunities, which are opened up through this technology.
Classical TEM sample preparation entails a number of limitations, as discussed
in Sections 1.1 & 1.2. This includes problems obtaining reproducible results using
manual or only semi-automated procedures and the application of an aggressive
paper blotting step. In Chapter 2, we present a novel microfluidic based sample
preparation approach where 3 - 20 nL sample is directly deposited on a grid without
the need of paper blotting. The whole process is fully automated and performed
with an in-house built robotic device. We show typical results of negatively stained
and frozen samples and the application of the method to single cells. Using the
microcapillary tip of the sample handling system single cells were lysed, aspirated
and prepared for the analysis in TEM.
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For high-resolution 3D reconstruction of proteins by the single particle approach,
samples have to be purified and concentrated. This usually requires several chromato-
graphic steps involving expensive labour equipment and huge amounts of starting
material. In Chapter 3, we present a novel microfluidic methodology for the purifica-
tion of proteins from minute volumes of crude cell lysate. Using magnetic microspheres
with linked antibodies to the surface, we were able to isolate endogenous human 20S
proteasome from less than 1 µL of HeLa cytosol. We acquired and processed images on
one grid resulting in a 3.5Å resolved map that was then used to build a protein model.
The application of magnetic microspheres requires the separation of isolated proteins
from the microsphere surface. Therefore, an additional cleavage step is needed,
which entails a certain loss of isolated targets. In Chapter 4, we show how magnetic
nanoparticles can be used alternatively. Magnetic nanoparticles in the range of 10 -
30 nm don’t have to be cleaved from isolated proteins. Instead, they can be deposited
together with the linked sample on a grid and directly be used as electron dense
labels in TEM. We isolated a cellular structure involved in malaria from erythrocyte
lysate and performed negative stain and cryo-EM analysis. Further, we used the
magnetic particles as fiducials to create a 3D tomogram of the isolated sample.
Immunoprecipitation of proteins based on primary antibodies is very specific al-
lowing the purification of proteins at high purity. However, many target proteins
are only produced under specific conditions and in minimal amounts. To study such
proteins, overexpression systems must be used. In Chapter 5, we propose a novel
method for the direct isolation and cryo-EM grid preparation of tagged proteins for
atomic structure determination using a novel photo-cleavable NTA crosslinker. The
use of magnetic particles linked to this crosslinker allows the isolation of His-tagged
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2 Microfluidic sample preparation for transmission electron
microscopy
A n instrument and methods for the preparation of nanoliter-sized sample vol-umes for transmission electron microscopy is presented. No paper-blotting
steps are required, thus avoiding the detrimental consequences this can have for
proteins, significantly reducing sample loss and enabling the analysis of single cell
lysate for visual proteomics.
My own contribution was establishing the improved grid preparation protocols
presented here, producing the published movies, paper writing and performing
quantitative experiments to demonstrate the loss of protein particles during sample
conditioning.
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Abstract
Due to recent technological progress, cryo-electron microscopy (cryo-EM) is rapidly
becoming a standard method for the structural analysis of protein complexes to
atomic resolution. However, protein isolation techniques and sample preparation
methods for EM remain a bottleneck. A relatively small number (100,000 to a few
million) of individual protein particles need to be imaged for the high-resolution
analysis of proteins by the single particle EM approach, making miniaturized sample
handling techniques and microfluidic principles feasible.
A miniaturized, paper-blotting-free EM grid preparation method for sample pre-
conditioning, EM grid priming and post processing that only consumes nanoliter-
volumes of sample is presented. The method uses a dispensing system with sub-
nanoliter precision to control liquid uptake and EM grid priming, a platform to control
the grid temperature thereby determining the relative humidity above the EM grid,
and a pick-and-plunge-mechanism for sample vitrification. For cryo-EM, an EM grid is
placed on the temperature-controlled stage and the sample is aspirated into a capillary.
The capillary tip is positioned in proximity to the grid surface, the grid is loaded
with the sample and excess is re-aspirated into the microcapillary. Subsequently,
the sample film is stabilized and slightly thinned by controlled water evaporation
regulated by the offset of the platform temperature relative to the dew-point. At
a given point the pick-and-plunge mechanism is triggered, rapidly transferring the
primed EM grid into liquid ethane for sample vitrification. Alternatively, sample-
conditioning methods are available to prepare nanoliter-sized sample volumes for
negative stain (NS) EM.
The methodologies greatly reduce sample consumption and avoid approaches po-
tentially harmful to proteins, such as the filter paper blotting used in conventional
methods. Furthermore, the minuscule amount of sample required allows novel ex-
perimental strategies, such as fast sample conditioning, combination with single-cell
lysis for "visual proteomics", or "lossless" total sample preparation for quantitative
analysis of complex samples.
2.1 Introduction
Hardware and software for the structural analysis of protein complexes by transmission
electron microscopy (TEM) has massively advanced during recent years. The improve-
ments made paved the way to a "resolution revolution" [Kuhlbrandt 2014, chen Bai
et al. 2015] and fundamentally changed structural research. The revolution started
with the advent of cryo-electron microscopy (cryo-EM) [Dubochet et al. 1988, Lep-
ault et al. 1983] allowing the preparation of biological samples under close to phys-
22
2.1 Introduction
iological conditions while decreasing radiation sensitivity and preventing sample
evaporation in the high vacuum of the transmission electron microscope [Baker
& Rubinstein 2010]. In the following years, incremental technological progress
gradually increased the resolution achievable. Among these innovations were the
application of field-emission guns [Crewe et al. 1968, Zemlin 1994], and, more re-
cently, improved data analysis algorithms, such as maximum likelihood methods
[Scheres 2012, Grigorieff 2007]. Direct electron detector cameras [Li et al. 2013a, Mi-
lazzo et al. 2011, Ruskin et al. 2013, Veesler et al. 2013], movie-mode imaging and
the accompanying software developments [Campbell et al. 2012, Ripstein & Rubin-
stein 2016, Li et al. 2013b, McLeod et al. 2017], provided the final breakthrough
required to achieve atomic resolution for biological samples by single particle analysis
(for a review see [Cheng et al. 2015]). The importance of cryo-EM was recently
recognized by the award of the Nobel prize for chemistry to three of the pioneers.
To image a biological sample by TEM, the method used to load the EM grid
with sample (subsequently referred to as "grid preparation") must ensure that the
resulting sample layer (i) is thin enough ≤100 nm to avoid extensive noise by inelastic
or multiply scattered electrons; (ii) withstands the high vacuum of the electron
microscope, and, (iii) protects the biomolecules from radiation damage. Two main
methods are used to fulfill these perquisites: Negative stain (NS)[BRENNER &
HORNE 1959, Carlo & Harris 2011] procedures (Figure 2.1A) adsorb the sample
to a thin carbon film, embed the biomolecules in amorphous heavy metal and then
allow the assembly to dry in air. This is simple and quick, and the loaded EM grids
(subsequently referred to as "sample grids") are easy to store and can be kept for
extended periods of time (generally years). In TEM, the preparations exhibit high
contrast due to the NS and tolerate higher electron doses than cryo-preparations, but
the resolution is limited to approximately 20Å. Cryo-EM procedures (Figure 2.1B)
employ holey carbon supports. A thin film of the sample solution is spanned across
the holes and the EM grid is plunged into a cryogen, usually liquefied ethane, to
rapidly cool it below −150 ◦C. The result is an amorphous, vitrified, 50 to 100 nm-
thick film of the solution in the support holes. This thin, amorphous film withstands
the high vacuum in the electron microscope and, in the ideal case, preserves biological
structures in their native state. The procedure allows biological samples to be imaged
at high-resolution. However, the sample grid must be kept at temperatures below
−150 ◦C at all times to avoid devitrification. It can be imaged using relatively high
electron doses due to the low temperature, but the contrast and signal-to-noise
ratio is nevertheless low. Therefore, averaging techniques are employed to increase
contrast and, provided the sample is imaged from different angles, a high-resolution
three-dimensional (3D) map can be reconstructed. The most commonly used and
highly successful method for 3D reconstruction in our days is the single particle
approach. For a recent review see [Cheng et al. 2015].
Negative stain TEM (NS-EM) is important for screening and quality control, when
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high-contrast is needed or when only limited amounts of sample are available (adsorp-
tion to the carbon film generally concentrates the sample). Single particle cryo-EM
is the gold-standard method if high-resolution 3D reconstructions of the protein
structure are aimed for. Unfortunately, the grid preparation methods used for NS
and cryo-EM have not improved significantly since they were invented. Current draw-
backs are the high sample consumption (approx. 3 µL of 1 mg protein) and the large
amount (>99 %) of sample lost (Figure 2.1A,B). Furthermore, the classical method
used to prepare grids for cryo-EM is a harsh procedure for proteins: First, it involves
an extensive face-on paper-blotting step (Figure 2.1B, ii), and, second, the protein is
exposed to the air-water interface for a significant amount of time [Glaeser 2016].
Here, an alternative method for sample pre-conditioning, sample grid preparation and
post-processing (grid drying or vitrification) for NS-EM (Figure 2.1C) or cryo-EM
(Figure 2.1D is presented. The in-house built setup, called "cryoWriter", uses minia-
turized sample handling technology and microfluidic principles to aspirate, condition
and dispense sample, avoiding paper blotting completely and providing alternative
methods to thin samples for cryo-EM. It significantly reduces sample consumption
and improves user-control over sample preparation as a whole. Furthermore, the
method allows novel experimental applications; such as the preparation of isolated
biological components of individual cells in an approach called "single cell visual
proteomics" [Engel 2009, Kemmerling et al. 2012, Arnold et al. 2016, Kemmerling
et al. 2013].
2.2 Protocol
A "cryoWriter" (Figure 2.2; for details see [Arnold et al. 2016, Arnold et al. 2017,
Ramakrishnan et al. 2014]) or equivalent instrumentation is required for the following
protocols. A list of suppliers for the main parts and consumables is given in the
Table of Materials.
1. Negative Stain (NS) Grid Preparation
1.1. Turn on the instrument and start up the software. Initialize all necessary
modules (syringe pump controller, motorized stages, surveillance cameras,
and dew point stage).
1.2. Cool the sample support and the dew-point stage. If required, make sure
that the dew-point stage temperature is regulated 1-2 ◦C above the dew point.
Note: The stage is cooled by a commercial Peltier device with a PID
controller.
1.3. Prepare NS by filling a 100 or 200 µL PCR tube with 100-150 µL of NS (e.g.,
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Figure 2.1: Principles of TEM grid preparation and comparison between the classical (panel
A, B) and a microfluidic approach (panel C, D). A) Classical NS-EM grid preparation:
About 3 µL of sample are pipetted by hand onto an EM grid covered with a continuous
carbon film (subsequently referred to as an ’NS-EM grid’) (i). After incubation for approx.
10 s, filter paper is used to blot away the excess liquid from the side (ii), leaving the adsorbed
biomolecules in a thin water film. Subsequently, the protein is incubated in a heavy metal
salt solution, e.g., 2 % uranyl acetate, for 20 s (iii), and again the liquid is removed by
blotting from the side using filter paper (iv). Finally, the EM-grid is left to dry in air. B)
Classical cryo-EM grid preparation: About 3 µL of sample are pipetted by a hand onto a
holey carbon film. To form a thin sample film, the surplus liquid is removed by paper-blotting
face-on from one or both sides (ii). Finally, the grid is rapidly plunged into liquid ethane for
vitrification (iii). C) NS-EM grid preparation using the cryoWriter setup: A 5 nL volume
is aspirated from the sample stock using a microcapillary (i). For sample conditioning, the
microcapillary tip is immersed into the conditioning solution, e.g., 2 % ammonium acetate.
Ions and small molecules are exchanged by diffusion (ii). Note that the dimensions of the
microcapillary ensure that the whole process is diffusion driven. Proteins have much lower
diffusion constants than salt ions and are not significantly lost [Arnold et al. 2016]. Finally,
the sample is dispensed onto the grid and allowed to dry (iii).
(continued)
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Figure 2.1: D) Principles of cryo-EM grid preparation using the cryoWriter-based method:
An EM grid covered with a holey carbon film is placed on the surface of a temperature-
controlled platform and held by tweezers. The temperature of the platform is controlled
at an offset from the dew point temperature of the grid environment. The grid is moved
relative to the microcapillary containing the sample and the microcapillary is lowered until it
is a few micrometers above the grid. Subsequently, a few nanoliters of sample are dispensed
from it while the stage is moved in a spiral pattern; excess liquid is re-aspirated (i). After
EM grid priming, the microcapillary is withdrawn and the grid remains on the temperature
controlled platform (subsequently referred as dew point (DP) stage) for a short time to
allow a controlled amount of sample to evaporate. For plunge freezing, the grid is rapidly
withdrawn from the stage using the tweezers (ii), flipped by 90° into the vertical position, and
plunged into a cryogen bath (iii) (subsequently referred to as ’pick-and-plunge’ mechanism).
2 % methylamine tungstate). Place the tube on the cooled sample support of
the instrument.
1.4. Position the sample
1.4.1. Put the sample 0.5-1 µM into a 100 or 200 µL PCR tube. If less than
50 µL of sample is available, cut off the bottom of a PCR tube with
a razor blade and use it as a sample well. This will ensure that the
microcapillary can easily reach the sample.
Note: It is easiest to aspirate samples from 100 or 200 µL PCR tubes,
because the microcapillary used later to aspirate the sample is slightly
tilted and the travel-height z-axis direction is limited.
1.4.2. Place the PCR tube/container on the cooled sample support in the
instrument to prevent evaporation. Alternatively, samples can be aspi-
rated from well plates in the microscope stage top incubator at room
temperature; cooling is not implemented for well plates.
1.5. Define positions. Use the cryoWriter joystick that controls the motorized
xy-stage and software control buttons for the linear x-, y-, and z-axis stages
to position the microcapillary. Use the camera to check the position of the
capillary.
1.5.1. Move the microcapillary to the sample reservoir. Immerse the tip into
the sample liquid and save this position as "sample".
1.5.2. Move the microcapillary to the NS PCR tube, immerse the tip into the
NS solution and save this position as "stain".
1.5.3. Place the microcapillary roughly 100 µm above the center of the slot where
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the EM grid will be positioned and save this position as "grid_save".
1.6. Aspirate sample and condition it for NS-EM.
1.6.1. If not already installed, mount a 10 µL syringe (0.46 mL inner diameter)
on a precision syringe pump.
1.6.2. Glue one end of a 30 cm long fused silica microcapillary (outer diameter
360 µm, inner diameter 150 µm) to the syringe outlet.
1.6.3. Connect the other end of the microcapillary to a short (5 cm) long
tapered microcapillary via press fit connector. The tapered tip of the
short microcapillary forms the dispensing tip.
1.6.4. Fill the syringe with degassed double-distilled water (ddH2O; system
liquid) and avoid the formation of air bubbles.
1.6.5. Dispense a few tens of nanoliters of system liquid and remove any drops
from the microcapillary with a lint-free tissue.
1.6.6. Double-click on the saved sample position. This positions the microcapil-
lary in the sample well. While the capillary is moving, dispense 3 x 0.5 nL
of system liquid just before the microcapillary tip is immersed into the
sample to prevent air bubble from being trapped there (see note 2 below).
IMPORTANT NOTE: (1) When switching from aspiration to dis-
pensing mode or vice versa, there is a small loss in piston stroke due
to backlash in the gears of the syringe pump. According to the man-
ufacturer, the backlash of a new unit lies between 7 and 10 nL. For
our syringe with a barrel diameter of 0.46 mm, this translates to 1-2 nL.
Therefore, 1-2 nL can be "dispensed", before sample is actually dispensed.
Usually, a tiny droplet starts to exit the microcapillary tip after the third
0.5 nL dispense step. (2) An air bubble trapped above/below the sample
would make dispensing less accurate and prevent sample conditioning by
diffusion.
1.6.7. Leave the microcapillary immersed for 3-12 min, depending on the sample
buffer and nozzle geometry.
Note: The higher the salt and/or phosphate concentration in the buffer,
the longer the required immersion time. NS (relatively quick) diffuses
into the sample plug while buffer salts (relatively fast) and protein (much
slower) diffuse out. This lowers the concentration of buffer salts in the
sample preventing them from crystallizing when the loaded grid dries.
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Further, phosphate tends to form a precipitate in combination with NS.
1.7. Prepare a grid and deposit a spot of the conditioned sample.
1.7.1. While the sample is being conditioned, take a piece of adhesive tape and
a PDMS block and clean the top side of the PDMS by applying and
removing the adhesive tape to ensure that there is no dust. Put the
PDMS block in a Petri dish.
Note: New PDMS blocks are taken from the clean room.
1.7.2. Carefully pick up a grid (e.g., Cu, 200 or 400 mesh coated with Par-
lodion/C film). Make sure to touch only the edge of the grid with the
tweezers. Place it on the clean PDMS block with the carbon film facing
upwards.
1.7.3. Place the PDMS block with the grid in an air glow-discharge unit and
glow discharge it for 20 s with 100 W power at 0.4 mbar. Store the grid
in a closed Petri dish. Longer glow discharge times generally lead to a
larger spreading of the deposited sample volume on the grid. As a result,
the stain layer becomes thinner (weaker stain).
1.7.4. 1 min before the immersion time is up, grasp the glow-discharged grid
with the cryoWriter tweezers. Make sure the electromagnet is turned
ON; otherwise turn it on in the software. Mount the tweezers on the
electromagnet and use the manual micromanipulator screw to align the
grid flat on the dew-point stage, carbon film side up. Make sure that the
dew-point stage temperature is regulated 1-2 ◦C above the dew point to
reduce the rate of evaporation after sample is loaded.
1.7.5. When the immersion time is up, double-click on "grid_save". The mi-
crocapillary tip will be placed safely above the grid surface. Manually
bring the microcapillary tip into contact with the grid. Lift the nozzle
by 10 µm and position it above the center.
CAUTION: Some samples containing detergents tend to move up
along the outer surface of the microcapillary when liquid is dispensed
due to the lower surface tension. It is important to be very close to the
grid surface to prevent such losses.
1.7.6. Dispense 5 nL of sample onto the grid. On a dry day, when rapid
evaporation takes place at the microcapillary tip, one can also slowly




1.7.7. Withdraw the microcapillary and let the conditioned sample dry slowly
on the dew point stage (DP-stage).
1.7.8. Once the sample spot has dried, remove the grid and store it at room
temperature in a grid box or Petri dish.
1.7.9. Dispense 500 nL of system liquid from the microcapillary and remove it
with a lint-free tissue. Flush the capillary 5 times with either ethanol,
detergent or 1 M NaOH. This cleans the microcapillary allowing it to be
used with a different sample.
2. Cryo Grid Preparation
2.1. To prepare the instrument and sample, follow steps 1.1 to 1.5 described
above. If NS is not required omit steps 1.3 and 1.5.2. To exchange the
sample buffer or condition the sample for cryo-EM by dialysis, e.g., to reduce
the concentration of buffer salts or to introduce additives (e.g., trehalose,
detergents) use the desired buffer instead of NS in steps 1.3 and 1.5.2.
2.2. Prepare liquid ethane in a standard cryo container.
2.2.1. Assemble the ethane cup, cryo box holder, and spider and fill the cryogen
container to the brim with liquid nitrogen; usually requires about 200 mL.
Wait a few minutes until the ethane cup has cooled down and is free of
liquid nitrogen.
2.2.2. Open the ethane gas bottle and slowly let the gas stream into the ethane
cup. Let it fill with liquid ethane until the level is 2-3 mm below the top;
this takes a few minutes and requires about 5 mL of liquid ethane.
2.2.3. Take a cryo box and place it in a free slot in the cryogen container.
2.2.4. Remove the spider, place the polystyrol lid on top, and place the cryogen
container on the mounting in the cryoWriter.
2.3. Glow discharge an EM grid.
2.3.1. Take a piece of adhesive tape and a polydimethylsiloxane (PDMS) block
and clean the top side PDMS by applying and removing the adhesive
tape (removes any dust). Put the PDMS block in a Petri dish.
2.3.2. Carefully pick a grid from the grid box. Make sure to touch only the
edge of the grid with the tweezers. Place it on a clean PDMS block with
the holey carbon film facing upwards.
2.3.3. Place the PDMS block with the grid in a plasma cleaner and plasma-
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clean the grid surface (e.g. use 75 % Ar/25 % H2, power 50 W, pressure
25 mTorr). Place the PDMS block with the glow-discharged grid in a
Petri dish.
2.4. Position the grid in the instrument
2.4.1. Grasp the glow-discharged grid with the cryoWriter tweezers. Make sure
the electromagnet is turned ON; otherwise turn it on in the software.
Mount the tweezers on the electromagnet and use the manual micro-
manipulator screw to align the grid flat on the stage, carbon film side
up.
2.4.2. Double-click on "grid_save". Adjust the microcapillary position so that
the tip is approx. 10 µm above the grid surface. Make sure that
the microcapillary can move freely across the grid without touching it
anywhere, if necessary withdraw the microcapillary a few micrometers.
2.4.3. Go back to the center of the grid and save the new position as "grid".
CAUTION: Correct naming is mandatory for the macro script to
work.
2.5. Write sample and plunge-freeze grid.
2.5.1. Initialize the transistor to transistor logic (TTL) module in the control
program, which is required to trigger the plunge mechanism.
2.5.2. Flush the microcapillary with a few tens of nanoliters of system liquid
and remove any drops from the microcapillary with a lint-free tissue.
2.5.3. Start macro script. The macro will perform the following steps:
2.5.3.1. Dispense 5 nL (to remove any air bubbles at the tip) and go to sample
position.
2.5.3.2. Aspirate 65 nL of sample. Infuse 5 nL back into the sample tube.
This accounts for system backlash and allow synchronized writing,
i.e., to ensure that dispensing and stage movement start at the same
time.
2.5.3.3. Move to "grid" position.
2.5.3.4. Initiate ’writing pattern’, which will cause the microcapillary to move
across the grid, simultaneously dispensing 45 nL of sample.
2.5.3.5. Afterwards, move the microcapillary back to the center of the grid,
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lower it another 10 µL, and withdraw excess sample liquid.
2.5.3.6. Withdraw the microcapillary and turn off the electromagnet. This
releases the tweezers and initiates plunge freezing.
2.6. Grip the tweezers and carefully release the magnetic adapter from the plunger.
Quickly transfer the grid from the ethane cup into the cryogen container
containing the cryo box and place the grid in a free slot.
3. Single-cell Lysate Preparation
3.1. Prepare the microcapillaries for electroporation.
Note: The tapered (laser-pulled and inspected) fused silica microcapil-
laries have a protecting polyimide coating on the outside, except for the tip,
where the coating is burnt off during the tapering process.
3.1.1. To coat the microcapillaries with a conductive layer, mount them at an
angle of 45° on a metal rail, with the tips pointing upwards. Use an
aluminum foil to shield the lower end (2 cm) of the tips, as uncoated
polyimide forms the best seal with the press-fit connectors employed
later.
3.1.2. Sputter deposit a sticky layer of 20 nm Ti/W, and then a 200 nm-thick
layer of Pt.
3.2. Make the microcapillary tip hydrophobic.
3.2.1. Prepare a 1 M solution of 1-dodecanethiol in EtOH.
3.2.2. Glow-discharge the microcapillary in air for 1 min with 100 W power at
0.4 mbar.
3.2.3. Immerse the tip of the microcapillary in the 1 M solution of 1-dodecanethiol
for a few hours (ideally overnight). It is best to prepare tips freshly one
day before use.
3.3. Install a new microcapillary.
3.3.1. Remove the microcapillary from the 1-dodecanethiol solution, rinse the
outside with ethanol and flush the inside with ethanol using a syringe.
Note: If no functionalized microcapillaries are available, quickly glow
discharge the tip of a microcapillary and dip it in a drop of commer-
cial car window treatment, which is a mixture of PDMS and sulphuric
acid. The resulting hydrophobic functionalization is not as good as with
31
2 MICROFLUIDIC SAMPLE PREPARATION FOR TRANSMISSION
ELECTRON MICROSCOPY
1-dodecanethiol, but generally sufficient.
3.3.2. Cleave its uncoated end with a capillary cutter.
Note: A clean cut is important for a good seal with the press-fit con-
nector.
3.3.3. Use a toothpick to apply silver paste to the sharp boarder formed between
glass and the polyimide coating when the polyimide coating was burnt
off by the laser during capillary pulling.
Note: This reinforcement is necessary as the Pt coating is very weak in
this region, and electrical conduction can easily break down.
3.3.4. Wash the polyimide end of the microcapillary with acetone. Leave a
small drop of acetone at the end and insert it into the orifice of the
press-fit connector. Apply light pressure to form a good seal.
3.4. Calibrate the microcapillary position.
3.4.1. Turn on the instrument and start the software as described in step 1.1.
Additionally, initialize the microscope camera and the function generator.
3.4.2. Place a glass microscope slide into the slide holder on the microscope.
3.4.3. Lower the microcapillary close to the glass slide and center it over the
microscope objective until it appears in the microscope camera view. Use
the x- and y- axis linear stages to position the tip of the microcapillary
at the center of the image. Then slowly lower the tip until it slightly
touches the glass slide.
CAUTION: Choose very small steps (5 µm) towards the final approach.
Otherwise, the tip can be damaged.
3.4.4. Press the "Calibrate Nozzle" button. This retracts the microcapillary
40 mm, and sets this position as home position.
3.5. Preparation of stamped PDMS pieces and ITO slides.
3.5.1. Mix PDMS and crosslinker in 10:1 ratio, pour into a large Petri dish to a
depth of about 2-3 mm. Bake at 60 ◦C for a few hours in a hybridization
incubator or similar device.
3.5.2. With a hammer and a stamp (12 mm diameter), cut holes in the PDMS
layer. Afterwards, use a scalpel to cut out 2 cm long squares or rectangles
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including the holes to obtain stamped pieces that fit on a microscope
slide. Usually, two stamped pieces are mounted on one microscope slide.
3.5.3. Wash the PDMS pieces and the ITO slides first with detergent and then
with 70 % ethanol. Place them, wet, in a Petri dish and let the ethanol
fully evaporate in an oven at 60 ◦C.
3.5.4. Glow-discharge the ITO slides for 1 min with 100 W power at 0.4 mbar
and then apply 1 mL of coating solution (e.g., poly-L-lysine (PLL)).
Incubate for 5 min, remove the solution with a pipette, and apply 1 mL
of ddH2O. Slightly agitate for 1 min, and then remove the ddH2O using
a pipette. Let the slides dry at 60 ◦C.
3.6. Prepare the cell culture. Follow standard adherent-cell culturing protocol
(e.g., [Arnold et al. 2016, Kemmerling et al. 2013]). Seed cells on ITO during
normal splitting/passaging runs.
3.6.1. Take a freshly PLL-coated ITO slide and add a PDMS piece. Apply
some pressure to form a watertight seal. This produces small wells with
the slide as their base.
3.6.2. Add about 300 µL of cells suspended in fresh medium to the PDMS wells.
The seeding density should be around 75,000 cells per well.
3.6.3. Incubate the ITO slides for 1-2 d days under standard conditions.
3.7. Prepare for cell lysis experiment:
3.7.1. Pre-warm a few milliliters of the electroporation buffer (e.g., phosphate
buffered saline (PBS)).
3.7.2. Set up the instrument according to steps 1.1-1.5 (for NS) or step 2.1 (for
cryo).
3.7.3. Load the standard lysis parameters, e.g., the lysis voltage.
3.7.4. This is a good moment to prepare the cryogen for cryo (steps 2.2).
3.7.5. Take the ITO slide from the incubator, and mount it on the microscope
insert. Use two screws to fix the slide on the aluminum insert and to
ensure electrical contact between the ITO coating of the slide and the
electrically grounded aluminum frame.
3.7.6. Remove the cell culture medium and wash twice with 300 µL of electro-
poration buffer. Keep the cells in electroporation buffer.
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3.7.7. Place the aluminum insert holding the ITO slide in the live-cell incubator
stage on the setup.
3.7.8. Locate the cell culture in the microscope view and choose an area with
no cells. Approach the tip to the ITO surface and gently touch it, then
withdraw the tip 100 µm and save the position as "cells".
3.7.9. Quickly leave the cell culture and flush the microcapillary tip with a
few tens of nanoliters of system liquid then put it into the cell culture
again. Dispense a few nanoliters during immersion into the PDMS well
to ensure that no air bubbles are trapped at the tip.
3.7.10. Gently approach the ITO surface (initially, you must be at position
"cells", i.e., 100 µm above the surface). Upon contact, retract the tip
10 µm.
3.7.11. Select a nearby cell for lysis. Place the tip of the microcapillary above
the targeted cell.
3.8. Start the macro script for single-cell lysis.
3.8.1. Name the position the microcapillary should be moved to after a cell
has been successfully lysed. This will be the NS reservoir (NS-EM), a
desalting buffer (cryo-EM) or the EM grid (cryo-EM). Avoid spelling
errors and press "ok".
3.8.2. The macro proceeds without user intervention:
(i) The microscope stage and cell culture 100 µm are moved to the left,
a snapshot of the targeted cell is taken, and 50 nL of ddH2O system
liquid are dispensed from the microcapillary. This displaces and
dilutes the high salt buffer and applies osmotic pressure to the cell.
(ii) The stage is moved back to position the tip above the targeted cell
again. The predefined voltage burst is applied, and after 500 ms
the pump system starts to aspirate 3 nL of sample at a flow rate of
2 µL min−1.
(iii) The stage is moved to the left again, allowing the cell to be inspected.
A window appears, asking for user input.
3.8.3. Say whether the lysis step was successful or not.




3.8.3.2. If the answer is yes, a snapshot of the removed (lysed) cell is taken,
and afterwards the microcapillary is moved to the location specified
in 3.8.1. If this is NS or a buffer reservoir, use the standard user
interface to dispense 3 x 0.5 nL of liquid while the microcapillary is
moving to ensure that there are no air bubbles. The tip is immersed
in the reservoir liquid by the macro.
3.9. Continue to condition the sample and/or prepare grids as explained in sections
1.6.9 – 1.7.9 for NS-EM or section 2.2 – 2.6 for cryo-EM.
2.3 Representative results
The "cryoWriter" setup was developed (depicted in Figure 2.2) in order to test the
miniaturized EM grid preparation procedures proposed in Figure 2.1C,D. Figure 2.2A
shows an overview of the various components mounted to an inverse fluorescence
microscope. A cell-culturing module is installed on the left side of the microscope; a
module for EM grid preparation is located on the right. The cell-culturing module
(Figure 2.2B) allows the growth of adherent eukaryotic cells and live-cell imaging of
the cell culture by the light microscope. Individual cells are lysed by the combined
action of osmotic shock, electroporation and aspiration of the cell content into a
microcapillary (Figure 2.2B, Figure 2.6A) [Arnold et al. 2016, Kemmerling et al. 2013].
The aspirated lysate sample can then be used to prepare grids for NS- or cryo-EM.
Alternatively, a stock protein solution in a PCR tube can be the sample source. The
microcapillary (Figure 2.2B) employed is connected to a high-precision pump system
allowing sample volumes to be aspirated and dispensed with sub-nL precision. As
detailed in the protocols, all sample processing is performed within this microcapillary
or on the EM grid itself without significant sample transport. For example, the
same microcapillary is used to lyse individual eukaryotic cells, aspirate the lysate,
condition it, and finally dispense aliquots onto EM grids. The grid preparation
module consists of a movable DP-stage that allows the temperature of the EM grid
placed on it to be precisely controlled (Figure 2.2C). For NS-TEM, the prepared
sample grid can then simply be removed from the cold stage and allowed to dry in air
at room temperature. However, the so-called coffee-ring effects that can then result
need to be avoided for quantitative TEM where protein ’particles’ are counted. To do
so, grids are dried slowly on the DP-stage using a gradually increasing temperature
gradient to slow down liquid evaporation. For cryo-EM, the temperature of the grid
is kept close to the dew point; a positive offset of approx. 8 ◦C is chosen, allowing
the controlled evaporation of sample liquid for thin film stabilization and thinning,
which can be monitored by a sensor if necessary [Arnold et al. 2017]. After the
selected thinning time, a pick-and-plunge mechanism is activated and the sample is
vitrified (Figure 2.2C). Note that this plunging mechanism is not needed for NS-EM
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grids, which are stored at room temperature. Figure 2.3 shows representative results
obtained for NS-EM grids prepared using the cryoWriter setup. The tip of the
microcapillary was loaded with 5 nL of sample from a stock solution and dipped
into a reservoir of NS solution (2 % methylamine tungstate) for several minutes to
allow diffusive exchange of NS and salt ions (for a theoretical discussion see [Arnold
et al. 2016]). Afterwards, the conditioned sample was dispensed onto the thin carbon
film of a NS-EM grid and dried. Figure 2.3A shows the use of a slot grid in the
same way to visualize the complete droplet, as required for quantitative TEM. In
order to avoid the coffee ring effect, the freshly glow-discharged grid was initially
held at the dew-point temperature (no water evaporation) and then slowly warmed
up on the DP-stage. Note, that for most applications (e.g., quality control of the
sample or structural analysis) this slow-drying process is not needed. High-quality
NS-preparations are obtained without it, as shown in Figure 2.3B,C. Conditioning
times for phosphate-free low salt buffers are around 3 min, e.g., with low-salt Tris-
buffer (20 mM Tris-HCl pH 7.4 with 50 mM NaCl), as shown in Figure 2.3B using
tobacco mosaic virus (TMV) as sample. Figure 2.3C presents a worst-case scenario as
the TMV was in PBS buffer (2.7 mM KCl, 1.5 mM KH2PO4, 136.9 mM NaCl, 8.9 mM
Na2HPO4·7H2O, pH 7.4). Phosphate ions form transient crystals with the heavy-
metal ions of NS (see Figure 2.5C), lengthening the conditioning time required (7 min).
Other heavy metal salts can also be used with the grid preparation module, e.g.,
2 % methylamine vanadate or ammonium molybdate (see also [Arnold et al. 2016]).
However, uranyl acetate is not suitable; the crosslinking effect of this stain leads to
aggregates if the protein sample is conditioned in solution, before adsorption to a
carbon film (see Figure 2.5E) [Kemmerling et al. 2012]. Typical results obtained for
cryo-EM grids prepared using the cryoWriter setup are depicted in Figure 2.4. Panel
4A shows a grid atlas of the area covered by vitrified sample. Panel 4B shows the
homogeneity of the vitreous ice in a selected grid slot. In both cases, the sample was in
25 mM HEPES-KOH pH 7.5, 50 mM NaCl buffer containing 0.05 % Fos 14 detergent.
Many samples and buffers were tested and a comparable high quality vitreous ice
was obtained, but the conditions required are buffer dependent (see also discussion
of Figure 2.5). Panel 4C shows apoferritin particles and a bacteriophage in Tris-HCl
buffer (20 mM Tris-HCl, 50 mM NaCl; pH 7.4) imaged at high defocus to increase
contrast. Panel 4D shows a 200 kDa membrane protein stabilized by amphipoles.
The cryoWriter setup allows systematic screening for optimal EM-grid preparation
conditions; an example is shown in Figure 2.5A (apoferritin in 25 mM HEPES-KOH
pH 7.5, 50 mM NaCl, 0.05 % Fos 14). In this experiment, the vitreous ice "thinning"
temperature was varied, but the thinning time (i.e., the time gap between sample
application and plunge freezing) remained constant (1 s). At low offset temperatures
(e.g., 8 K), the sample layer was too thick. At higher offset temperatures, the vitreous
ice in the holes was thinner (10 K, 12 K), until at some stage (above 18 K) the grid
became completely dry (not shown). In the results presented here, an offset of 12 K
lead to a large homogeneous area of vitreous ice as indicated by the black arrows.
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Figure 2.2: Overview of the cryoWriter setup. A) Overview of the cryoWriter setup
mounted on an inverse light-microscope (1). B) Inset of area indicated on the left side in
panel A. Cell culturing compartment (2), with a microcapillary (3) for sample manipulation
and cell lysis positioned above a miniaturized PDMS-based cell culture plate (4). C) Inset
of area indicated on the right side in panel A. ’Pick-and-plunge’ mechanism. A holey carbon
film EM grid (5) is mounted between the tips of tweezers (6) and positioned horizontally
in direct contact with the temperature-controlled stage (7), referred as the dew-point stage
(DP-stage) in the main text. The stage temperature is tightly controlled via a PID controller
and a water-cooled Peltier element, keeping it at or close to the dew point temperature,
depending on the ambient environment. The DP-stage (7) is mounted on a motorized xy
axis to move the grid relative to the microcapillary. The microcapillary itself is mounted
on a z-stage, and can be lowered until it is very close to the surface of the EM grid and
used to dispense nanoliter-sized volumes onto the sample support covering it (a continuous
thin carbon layer for NS-EM or a holey carbon film for cryo-EM). Note, liquid uptake and
dispensing is performed using a high-precision pump system (8). The dispensed liquid can be
distributed by moving the grid relative to the microcapillary in a spiral pattern. For cryo-EM
preparation, the pick-and-plunge freezing mechanism (9) rapidly transfers the sample-loaded
grid into liquid ethane (10) for rapid cooling and sample vitrification.
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Figure 2.3: Typical results for NS grids prepared using the cryoWriter setup as indicated in
Figure 2.1C. A) Overview image of a 3 nL droplet dispensed on a slot grid after conditioning
with 2 % methylamine tungstate. B) TMV in 20 mM TRIS buffer. The inset shows a 3x
enlargement of the indicated region. Adapted from [Arnold et al. 2016] (further permissions
related to the material excerpted should be directed to the ACS). C) Tobacco mosaic virus
(TMV) in PBS buffer. The inset shows a 3x enlargement of the indicated region. Adapted
from [Arnold et al. 2016] (further permissions related to the material excerpted should be
directed to the ACS). Scale bars: A, 100 µm; B, 50 nm; C, 80 nm.
Such optimization experiments can be performed with the buffer of the target sample
using "test" proteins (such as apoferritin). The best conditions found are then applied
to the target sample. Furthermore, grids with parameters far from the optimum can
often be recognized during the preparation procedure and do not need to be screened
in the electron microscope, saving significant time. Figure 2.5 also shows a gallery
of typical cryo-EM (Panel B) and NS-EM (Panels C to E) artifacts specific to the
cryoWriter setup. The cryo-EM grid shown in Panel 5B with TMV in PBS containing
0.1 % decyl-β-D-maltopyranoside (2.7 mM KCl, 1.5 mM KH2PO4, 136.9 mM NaCl,
8.9 mM Na2HPO4·7H2O, pH 7.4, 0.1 %) was excessively thinned. The background
of the image is grainy because the salt concentration became too high. In general,
the visual appearance of a sample does not seem to be a linear function of the salt
concentration; grains suddenly become prominent when a threshold concentration
is reached during the thinning process. Note, that unwanted substances can be
removed by a conditioning step prior to grid preparation, as described for NS-EM
in protocol section 1.6. NS can cause other artifacts. In the example shown in
Panel 5C, PBS buffer (2.7 mM KCl, 1.5 mM KH2PO4, 136.9 mM NaCl, 8.9 mM
Na2HPO4·7H2O, pH 7.4) without sample was conditioned in 2 % methylamine
tungstate for 3 min. Precipitates and crystals are evident and exert extensive forces
on the carbon surface leading to cracks. The precipitates only form in a certain PBS
and NS concentration range and can be avoided by conditioning the sample for longer
(compare Figure 2.3C). Panel 5D shows the periphery of a dispensed NS sample
droplet exhibiting a "coffee ring". This would disturb quantitative, total sample
analysis and can be avoided by slowing down the drying process, i.e., by keeping the
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Figure 2.4: Typical results for cryo-EM grids prepared using the cryoWriter setup as
indicated in Figure 2.1D. The samples and the buffers vary in the examples shown. All
samples were loaded on holey carbon films. A) Collage of overview images ("grid atlas")
of a sample containing a 150 kDa membrane protein, the periphery of the vitreous ice is
indicated by white arrows. B) Enlarged grid slot from a grid prepared with the same
buffer, showing the holey carbon film with vitreous ice. Some holes are not filled with
sample buffer as indicated by white arrows. C) Carbon hole with vitrified sample containing
apoferritin protein complexes and bacteriophages. Inset: twofold enlargement showing the
tail of a bacteriophage. The white asterisk indicates the carbon film. Note that the image
was recorded with high defocus to increase contrast. D) A 200 kDa membrane protein
reconstituted in amphipols. Inset: a 2x enlargement of the indicated region shown with
increased contrast. Scale bars: A, 100 µm; B, 10 µm; C and D, 80 nm.
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EM grid at the dew point temperature during sample application, and then gradually
increasing the temperature to dry it (see Figure 2.3A). Panel 5E (apoferritin in
20 mM HEPES, pH 7.0, conditioned 3 min) shows the crosslinking activity of 2 %
uranyl acetate stain, which cannot be used to condition protein samples before they
are adsorbed to carbon film supports. The small amount and volume required for
EM grid preparation using the cryoWriter setup enables new types of experiments.
For example, the total contents of a single cell can be collected and prepared for NS-
and cryo-EM. The procedure is indicated in Figure 6A. An adherent, eukaryotic cell
(HEK 293) is lysed by simultaneous electroporation and sample aspiration (Panel
6A)[Kemmerling et al. 2013]. A total volume of 3 nL is aspirated, which contains
the cell lysate, and is retained in the microcapillary for further processing. For the
NS-EM shown in Panel 6B, the cell-culturing medium was exchanged with PBS buffer
(2.7 mM KCl, 1.5 mM KH2PO4, 136.9 mM NaCl, 8.9 mM Na2HPO4·7H2O, pH 7.4)
prior to cell lysis. The cell contents were aspirated in 3 nL of buffer and conditioned
in a reservoir of NS as indicated in Figure 2.1C for 10 min. Afterwards, a 5 nL
volume was dispensed onto the continuous carbon film of a NS-EM grid. Individual
proteins, e.g., filamentous actin, and membrane patches with attached proteins can
be recognized in the image. For the cryo-EM, shown in Figure 2.6C, a volume of 3 nL
was dispensed on a holey carbon EM grid without re-aspiration to remove liquid. The
relatively thick film of sample formed was extensively thinned before vitrification. To
do this, the DP-stage temperature was gradually increased, starting at the dew-point
temperature. The thinning process was monitored by a real-time sensor-system until
a pre-specified threshold was reached triggering the ’pick-and-plunge’ mechanism
and sample vitrification (for details see [Arnold et al. 2017]). Membrane structures
and proteins can be recognized in the image.
2.4 Discussion
The ’cryoWriter’ instrument and the protocols required to prepare sample grids for NS-
and cryo-EM from nL sized total sample volumes and completely avoid the classical
paper-blotting step are presented. Microfluidic principles and a micromechanical
system are combined in the cryoWriter to make this possible.
Our experience shows that when the miniaturized methods presented in this manuscript
are used the parameter space for EM-grid preparation is larger than for classical
methods, and under tighter user control. Importantly, the increased reproducibility
achieved makes it possible to pre-screen with sample buffer system, complemented
with a readily available test protein, to determine the optimum parameters before
the actual experiment is performed. This keeps consumption of the sample of interest
to the absolute minimum and is highly recommended. Critical steps for both NS-
and cryo-EM grid preparation are: (i) Priming of the pump system; for sub-nanoliter
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Figure 2.5: Systematic changes and artifacts observed when the cryoWriter set-up was
used to prepare grids for NS- and cryo-EM. A) Systematic vitreous ice thickness variation;
optimization of grid preparation for cryo-EM. The offset temperature of the DP-stage was
varied (8 K to 12 K) keeping the thinning time constant (1 s). The arrows indicate the
periphery of the sample layer.
(continued)
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Figure 2.5: B) Salt effects; too highly concentrated, i.e., the thinning step was too long.
The inset depicts a 2x enlargement of the indicated region. C) Salt precipitates formed
by PBS buffer in the presence of heavy metal salts. Samples containing PBS buffer must
be conditioned longer than samples in other buffers. Here, PBS buffer without sample
was conditioned in 2 % methylamine tungstate for 3 min, a typical time for other sample
buffers. Note the crack in the carbon film most probably due to the strong forces from the
precipitates acting on the thin support during the drying process. D) ’Coffee ring’ effect.
E) Apoferritin conditioned in 2 % uranyl acetate for 3 min. Uranyl ions exhibit significant
crosslinking activity and the apoferritin clusters form large aggregates. Scale bars: A, 80 µm;
B, 80 nm C, 12 nm; D, 80 µm; E, 200 nm.
Figure 2.6: Single cell visual proteomics using the cryoWriter set-up. A) Lysis of a single
adherent eukaryotic cell. The cell is grown (1, green) on an functionalized, ITO coated
(red) glass-slide (2) in a miniaturized petri-dish (3) [Kemmerling et al. 2013]. The ITO
layer is electrically grounded. The cell is approached by the microcapillary (4), which is
coated with platinum. An initial osmotic shock (not indicated) is given to facilitate lysis,
which is performed by a series of electric pulses and by the shear forces exerted during
the aspiration of the cell lysate. The process can be monitored by light microscopy; the
objective lens of the microscope is indicated (5). For details, see our previous work [Arnold
et al. 2016, Kemmerling et al. 2013]. B) NS-EM image of lysate from an individual HEK
293 cell. Filamentous actin and membrane patches with attached proteins are visible. Panel
adapted from [Arnold et al. 2016] (further permissions related to the material excerpted
should be directed to the ACS). C) Cryo-EM image of lysate from an individual HEK 293
cell. The inset shows a 2x enlargement of the indicated region where typical membrane
structures with associated proteins are visible. Panel C adapted from [Arnold et al. 2017].
Scale bars: B, 50 nm; C, 80 nm.
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volume dispensing, the system liquid (water) must be degassed and bubble free. (ii)
Precise control of the glow discharge or plasma cleaning step; the surface characteris-
tics of the EM grid are crucial for reproducible results. (iii) Sample conditioning;
the time required for conditioning, e.g., with NS, depends on the buffer type, salt
content and concentration Figure 2.3, as well as on the nozzle geometry of the
microcapillary [Arnold et al. 2016]. (iv) Evaporation rates for NS-EM preparations
for quantitative EM; the coffee-ring effect can prohibit the quantitative analysis of
NS-EM preparations, and must be suppressed by slow evaporation rates controlled
by the DP-stage.
Different aspects of the presented grid preparation methods can be freely combined
allowing the development of versatile protocols for specific samples. Typical examples
would be the removal of a substance that prevents high-resolution EM, e.g., glycerol,
by a conditioning step prior to grid preparation for cryo-EM; the introduction of
mediator molecules, such as ligands, by conditioning before the grids are prepared;
or the examination of single cell lysate by NS- or cryo-EM Figure 2.6.
The use of microfluidics and minimal sample amounts in the presented methods
completely removes the need for paper-blotting steps. This is a great advantage,
because paper blotting is a harsh treatment for proteins, potentially contaminating
the sample with unwanted ions and inherently leading to massive sample loss. On the
other hand, effects potentially caused by the air-water interface of the thin sample
film formed when cryo-EM samples are prepared in the classical manner, are not
avoided when the cryoWriter is used. Grids suitable for cryo-EM can be prepared
with less than 0.2 s wait time between sample application and vitrification (data not
shown). However, as proteins travel a few tenths of a nanometer in a few nanoseconds
by diffusion, there is still enough time for them to collide with the air-water interface
of a 100 nm thick sample film several times. However, the amount of proteins sticking
to the air-water interface might be significantly reduced by these short time gaps
and might prevent protein denaturation or restricted particle orientation. Another
promising approach that might protect sensitive proteins from the air-water interface
is to cover the sample film by low molecular weight surface-active substances. These
compounds could be rapidly introduced by a conditioning step in the cryoWriter
before grid preparation. The high surface-to-volume ratio of microfluidic systems is
a further limitation of the cryoWriter, as sample can potentially be lost by unspecific
adsorption to the microcapillary surface and disturb quantitative analysis by particle
counting. The problem is addressed in two ways: First, the sample does not travel
long distances within the microcapillary. Indeed, the nanoliter sample volume remains
at the capillary tip throughout the processing. Second, the surface to volume ratio
is further reduced by using microcapillaries with relatively large inner diameters,
e.g., 180 µm. Third, the surfaces of the microcapillaries can be easily passivated
if necessary, e.g., by treating them with commercially available polylysine ethanol
glycols (PLL-PEG).
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The high-resolution analysis of proteins by the single particle approach used in EM
only requires 100,000 to a few million images of individual protein particles. This
means that microfluidic techniques can provide enough protein complexes for the
structural investigation. A miniaturized immuno-precipitation method for the fast
isolation of protein-complexes (around 1 hour) from minimal cell amounts (approx.
40,000 cells) was developed earlier [Giss et al. 2014]. This method will now be
directly linked to the miniaturized sample preparation stage of the cryoWriter. The
final goal is to develop an integrated microfluidic pipeline for ultra-fast protein
isolation and cryo-EM grid preparation that requires less than two hours in all.
Furthermore, as demonstrated by Figure 2.6, the minute amount and volume of
material needed for sample preparation and the almost lossless conditioning and
grid preparation procedure achieved using the cryoWriter, make it possible to study
the protein complexes of individual cells. Together, the miniaturized immuno-
precipitation method and the cryoWriter lay the foundation of a new proteomics
method called "single cell visual proteomics", as we recently demonstrated for heat-
shock experiments [Giss et al. 2014]. Data analysis algorithms geared to the analysis
of "visual proteomics" images are currently being tested.
2.5 Acknowledgments
The authors would like to thank the workshop of the Biozentrum of the University
Basel for their support, S. A. Müller for critical discussions and for carefully reading
the manuscript, A. Fecteau-LeFebvre for technical assistance with EM, Ricardo
Adaixo, Frank Lehmann for membrane protein test samples (all from the C-CINA,
Biozentrum, University of Basel) and A. Engel, emeritus University Basel for his
inspiring conversations. Test samples were kindly provided by P. Ringler, M.-A.
Mahi, and T. Schwede (Biozentrum, University of Basel), P. Leiman (Laboratory of
Structural Biology and Biophysics, EPFL) and R. Diaz- Avalos (New York Structural
Biology Center, USA). The project was supported by the Swiss Nanoscience Institute
(SNI, project P1401, ARGOVIA project MiPIS) and the Swiss National Science
Foundation (SNF, project 200021_162521).
Disclosures
The authors Stefan A. Arnold, Henning Stahlberg and Thomas Braun declare the
following competing financial interest: The cryoWriter concept is part of patent
application PCT/ EP2015/065398 and EP16194230.
44
3 Microfluidic sample purification for transmission electron
microscopy using magnetic microspheres
I n this section, a new microfluidic sample purification methodology for TEMusing 1 µm sized magnetic microspheres is presented. An additional module was
constructed and integrated into the cryoWriter setup allowing the isolation and
preparation of proteins from less than 1 µL crude cell lysate.
My contribution was developing the protein isolation methodology, producing the
corresponding hardware and software, performing the presented purification experi-
ments, paper writing, creating the shown figures and building and refinement of the
shown protein models.
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Abstract
High-resolution structural information is essential to understand protein function.
Protein-structure determination needs a considerable amount of protein, which can
be challenging to produce, often involving harsh and lengthy procedures. In contrast,
the several thousands to a few million protein particles required for structure-
determination by cryogenic electron microscopy (cryo-EM) can be provided by
miniaturized systems. Here, we present a microfluidic method for the rapid isolation
of a target protein and its direct preparation for cryo-EM. Less than 1 µL of cell
lysate is required as starting material to solve the atomic structure of the untagged,
endogenous human 20S proteasome. Our work paves the way for high-throughput
structure determination of proteins from minimal amounts of cell lysate and opens
new opportunities for the isolation of sensitive, endogenous protein complexes.
3.1 Significance statement
The recent improvements in cryogenic electron microscopy (cryo-EM) caused a revo-
lution in structural biology. However, (i) protein isolation and (ii) sample preparation
methods lag behind, and cryo-EM is performed at far from full efficiency. Here, we
present a microfluidic method for the rapid isolation of a target protein from minimal
amounts of cell lysate and for its direct preparation for high-resolution cryo-EM.
Our technology opens new avenues for structural biology: high-throughput structure
determination of proteins in a multitude of conditions, ultrafast isolation and struc-
ture determination of sensitive proteins, and the analysis of proteins that cannot be
produced in sufficient amounts using conventional approaches.
3.2 Introduction
Knowledge of a protein’s architecture at high resolution is vital to understand its
mechanics and chemistry. In recent years, cryogenic electron microscopy (cryo-EM)
[Dubochet et al. 1988] has matured into a powerful method that can determine the
architecture of biological macromolecules at the resolutions required to interpret the
atomic fold of proteins [Kuhlbrandt 2014, Cheng 2018]. In the single-particle cryo-EM
approach [Frank 1975, Heel & Frank 1981], an unsupported, thin layer of isolated
protein complexes in amorphous (vitrified) ice is visualized at close to physiological
conditions. Only several thousand to a few million imaged particles are needed to
calculate a high-resolution, three-dimensional (3D) structure. Nevertheless, protein
production, purification, and sample preparation for cryo-EM are nowadays considered
the bottleneck for structure determination [Glaeser 2016, Thompson et al. 2016, Stark
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& Chari 2015]. We have identified two dominating reasons for this: Firstly, significant
amounts of protein must be produced. Conventional sample preparation for cryo-
EM requires several microliters of a purified protein solution at a concentration
of approx. 1 mg mL−1 per grid, from which extensive filter-paper blotting later
removes the vast majority of protein particles [Taylor & Glaeser 1976, Dubochet
et al. 1988, Kemmerling et al. 2012, Arnold et al. 2018]. Secondly, both, protein
purification and cryo-EM sample preparation are lengthy and harsh procedures.
Mostly, high-yield expression systems are employed, and one or two chromatographic
steps are needed to purify the protein particles. In addition, the classical cryo-EM
sample preparation process that follows is a rough procedure [Glaeser & Han 2016],
primarily because of the blotting step, and many proteins denature.
We recently developed a microfluidic cryo-EM grid preparation system termed
cryoWriter, allowing the preparation of cryo-EM specimens from nanoliters of sample-
solution [Arnold et al. 2016, Arnold et al. 2017, Schmidli et al. 2018]. Since the
cryoWriter does not use paper blotting, it ensures that grid preparation is gentle
and virtually lossless. Here, we report the combination of sample grid preparation
using the cryoWriter with microfluidic protein purification [Giss et al. 2014], to
determine the 3.5Å cryo-EM structure of the untagged human 20S proteasome
complex, which is the ’catalytic core’ of the ubiquitin-proteasome system involved
in 80 % of protein degradation [Bhardwaj et al. 2009] and an important drug target
[Cromm & Crews 2017].
3.3 Results
The microfluidic toolchain developed (Figure 3.1a) consists of a module for affinity-
isolation of the untagged protein from small quantities of cell lysate, followed by
modules to write the purified protein onto a cryo-EM grid and vitrify the sam-
ple [Giss et al. 2014, Arnold et al. 2017, Schmidli et al. 2018]. Briefly, antibody
’fragment antigen binders’ (Fabs) are used to recognize and extract untagged tar-
get proteins from cell lysate. These Fabs are biotinylated with a photo-cleavable
cross-linker, which binds with high affinity to the streptavidin functionalization of
super-paramagnetic beads (Figure 3.1b). First, the cell lysate is incubated with Fabs
and super-paramagnetic beads. A <1 µL volume of this solution is then aspirated into
the microcapillary of the cryoWriter system (Figure 3.1c). The super-paramagnetic
particles are immobilized in a ’magnetic trap,’ (see Figure 3.4) isolating bound
Fabs and their target proteins, while other cellular components are washed out.
Ultra-violet (UV) light is used to break the photo-cleavable biotin cross-linker and
the target proteins with the bound Fabs are eluted [Giss et al. 2014]. This procedure
results in a 25 nL eluate, which is directly used to prepare one or more cryo-EM
grids, while the magnetic particles are retained in the microcapillary.
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Figure 3.1: Schematic work-flow for microfluidic protein isolation and cryo-EM grid prepara-
tion. (a) Hardware for protein-isolation and cryo-EM grid preparation. The electromagnetic
trap consists of two electromagnets (1) that produce a strong magnetic field gradient via
their water-cooled iron tips (2). Sample processing in the capillary (3) is monitored by a
camera (4), and a UV LED (5) allows photo-cleavage (see panel b) of the sample, both
via mirrors. After protein isolation, the capillary nozzle is moved above a cryo-EM grid
covered with a holey carbon film (6). The cryo-EM grid is positioned on a stage (7) that
is temperature controlled by a Peltier element (8) and held with a Peltier-cooled tweezer
(9). The isolated protein is directly written onto the grid and plunge-frozen in liquid ethane
(10). (b) Composite material for ‘protein fishing.’ The target protein (11) is recognized by
a Fab (12) that is covalently modified by a photo-cleavable cross-linker (13). The linker
molecule ends with a biotin moiety, which strongly binds to the streptavidin coated bead
(14). (c) Protein isolation work-flow. (i) Magnetic beads are incubated with biotinylated
Fabs and cell lysate to capture the target structures (green). Less than 900 nL of sample
is aspirated into the microcapillary for the protein isolation. (ii) The magnetic beads are
immobilized in the magnetic trap (1). Non-bound lysate components (red) are flushed out.
(iii) Illumination with UV light breaks the cross-linker. Before photoelution, two air bubbles
are introduced and serve as boundaries to avoid dilution of the released proteins by diffusion
(see Supplementary Figures 3.4 & 3.6 for details). (iv) Separation of the capturing magnetic
beads and the eluted proteins. (v) The isolated target proteins are directly deposited on a
cryo-EM grid for vitrification. The blue vertical arrows indicate the pump direction.
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We used Fabs instead of full-length antibodies to avoid the cross-linking and aggre-
gation that occurs when target proteins display more than one epitope. A linear
cross-linker with three functional groups is used to connect the Fab to the super-
paramagnetic beads. One end of the linker covalently attaches to the Fab while
the biotin at the other end binds to the streptavidin-coated bead. A nitrobenzene
moiety in between allows photo-cleavage of the linker upon illumination with UV
light at 365 nm (Figure 3.1b). Preparation of Fab fragments from antibodies and
biotinylation with the cross-linker took ≈7 h; the biotintilated Fabs could be stored
in the dark for several weeks at 4 ◦C.
The cell lysate was incubated with the Fabs and beads outside of the microcapillary
in a 5 µL well. The cytosol/Fab mixture was incubated for 5 h, and then for an
additional 1 h together with the super-paramagnetic beads. The use of miniaturized
sample wells rather than the microcapillary, allowed several of these time consuming
incubations to be carried out in parallel.
After incubation, a volume of 900 nL was aspirated from the well into the micro-
capillary, which was precisely positioned between the iron tips of the particle trap
system. In this setup, the trap is formed by electromagnets with water-cooled (4 ◦C)
iron tips that concentrate the magnetic flux between the opposite poles and gener-
ate the field gradients required to trap the super-paramagnetic particles (see also
Figure 3.4). The cooling system prevents heating and denaturation of the sample.
A camera and magnifying lens system allow the procedure to be monitored. The
1 µm super-paramagnetic beads employed, can be easily immobilized in the magnetic
trap and only marginally scatter photons with 365 nm wavelength, allowing efficient
photoelution in 15 min [Giss et al. 2014]. Photoelution releases less non-specifically
bound protein than the competitive elution typically used in other methods, because
it does not change the buffer composition [Giss et al. 2013]. Just before elution,
the beads were enclosed by two 6 nL air bubbles in a 25 nL buffer-plug, to prevent
diffusion and Taylor dispersion [Squires & Quake 2005]. After photoelution, the
eluate was separated from the immobilized beads by the pump system and moved
towards the apex of the microcapillary.
For cryo-EM specimen preparation, a sample carrier (grid) covered by a holey
carbon film was placed on a temperature-controlled stage regulated to a temperature
7 ◦C above the environmental dew-point. This temperature offset builds a micro-
environment on the grid surface, allowing controlled evaporation of the sample liquid.
In a first step, 20 nL of the eluate containing the purified protein was written onto
the grid, covering an area of ≈0.75 mm2. Excess sample was re-aspirated into the
microcapillary, leaving a thin layer of the protein on the holey carbon film. This
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layer was left to settle for ≈50 ms with the grid still on the dew-point stage. The
gentle evaporation that occurs during this time stabilizes [Padmakar et al. 1999]
and thins the sample film. Finally, the written grid was rapidly removed from the
stage and plunge-frozen, resulting in a vitrified ice layer [Arnold et al. 2017, Schmidli
et al. 2018]. In principle, several cryo-EM grids can be written with one 25 nL eluate.
Interestingly, when this was done the first cryo-EM grid contained more protein
particles than later grids. For the analysis presented here, we only used one cryo-EM
grid, and this was the first grid prepared from the eluate. The whole cryoWriter
process starting from protein isolation and ending with cryo-EM grid preparation
could be performed in less than 1 h.
We employed the cryoWriter toolchain to isolate endogenous and untagged human
20S proteasome from commercially obtained HeLa cell lysate using Fabs generated
from an antibody against the α4 subunit of the protein complex. As a positive
control for the cryo-EM grid preparation, tobacco mosaic virus (TMV) particles
were added to the elution buffer. The cryo-EM grid showed homogeneous ice layers
(Figure 3.2a,b) with the protein embedded in thin, vitreous ice. TMV particles and
randomly oriented 20S proteasomes are visible, as well as smaller protein particles
that are most probably unbound Fabs.
From only one grid, 523 dose-fractionated image stacks (movies) were recorded, yield-
ing a total of 55 135 particles, which were processed with cryoSPARC v2 (Structura
Biotechnology Inc.) [Punjani et al. 2017] and RELION 3 [Zivanov et al. 2018] for
structure determination. Figure 3.2c shows typical projection class averages obtained
from the 20S proteasome. A seven-fold pseudo symmetry is observed in the top view,
with weakly visible Fab fragments attached to the two α4 subunits. The side-view
exhibits the distinctive stack of α-β-β-α rings. Figure 3.2d shows a projection class
average of TMV. The secondary structure was visible in all projection-averages,
demonstrating the excellent quality of the cryo-EM grid.
The 3D reconstruction of the human 20S proteasome shown in Figure 3.3 has a
resolution of 3.5Å (for details see Figure 3.7). The structure exhibits the typical
dimeric, C2-symmetric arrangement of an α-β and a β-α ring-pair, each ring with a
pseudo-7-fold arrangement of the respective subunits. We refined the X-ray structure
[Schrader et al. 2016] into our density map. The two Fabs against the α4-subunits
aided the assignment of the individual components. Figure 3.3b shows the α and β
rings with all 14 models fitting the experimental densities in good agreement (see
also Figure 3.3c,d, and Table 3.5). The densities of subunits β4, β5 and β6, are less
well resolved (see also Figure 3.8), which can be attributed to their catalytic activity
[da Fonseca & Morris 2015]; we assume that the lower resolution reflects the greater
flexibility they require to perform their biological function.







Figure 3.2: Sample quality and data-collection. (a) Overview image of a grid square and
the holey carbon film, showing a thin film of vitreous ice. Scale bar: 4 µm. (b) High
magnification image of the isolated 20S proteasome sample. Arrows indicate 20S proteasome
as top and side views; asterisks denote TMV. Furthermore, small particles are visible in
the background, most probably unbound Fabs. Scale bar: 20 nm. TMV was added to the
elution buffer as positive control for the cryo-EM grid quality (see Figure 3.7). The contrast
of the image was increased using a Gaussian blur and subsequent histogram adjustment.
(c) Selected projection averages of the 20S proteasome. Arrows indicate two bound Fabs
recognizing the α4 subunit. Scale bar: 10 nm. (d) Typical projection average of TMV from
the same cryo-EM grid as the 20S proteasome. Scale bar: 10 nm.
ures 3.7 & 3.10), indicating that the microfluidic sample preparation did not limit
the resolution of the human 20S proteasome. Unlike the archaeal T20S proteasome,
which is often used as a cryo-EM test-sample thanks to its 14-fold D7 symmetry, the
human 20S proteasome is only two-fold symmetric. The lower symmetry reduces
the internal averaging by a factor of 7. Moreover, the similar subunits around the
’pseudo-sevenfold’ axis can lead to misalignments of the particle projections. To-
gether, these factors explain why existing cryo-EM maps are at the lower resolution
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of 3.5Å [da Fonseca & Morris 2015, Morris & da Fonseca 2017].
3.4 Conclusion
Several methods have been presented to improve sample preparation for cryo-EM, all
having their own specific purpose. Examples include high-throughput grid preparation
[Dandey et al. 2018, Razinkov et al. 2016, Noble et al. 2018], time-resolved EM
[Feng et al. 2017], and single-cell visual proteomics [Arnold et al. 2017, Arnold
et al. 2016]. Furthermore, antibody-functionalized EM-grids were proposed to ’fish’
target proteins [Derrick 1973, Yu et al. 2016], and affinity grids designed to capture
proteins with engineered his-tags [Kelly et al. 2008]. In both cases, the vitrified
protein is supported by a continuous carbon film, which can limit the resolution
obtained. Here, we combined microfluidics for protein isolation and purification
with cryo-EM grid preparation, resulting in free-standing layers of vitrified protein
samples that allow high-resolution cryo-EM.
Microfluidic methods could potentially overcome the current bottleneck in cryo-EM,
resulting from the large amount of protein used for sample preparation and the
long and harsh conditions used for protein purification. We demonstrated that
microfluidics (i) can deliver cryo-EM grids of high quality allowing <2Å resolution
from 20 nL of a sample and (ii) allows the isolation of endogenous proteins from less
than 1 µL cell-lysate with subsequent structure determination at 3.5Å. In addition,
the method presented here significantly reduces both the amount of starting material
and the time needed for the structural analysis of proteins, avoids harsh protein
purification conditions, and eliminates the stringent and wasteful blotting steps
otherwise employed on cryo-EM grid preparation.
The high efficiency of cryo-EM combined with the microfluidic approach will allow
the structure of proteins that cannot be produced in large quantities to be studied.
Up to now, structural studies were only possible if the protein could be over-expressed
or produced in a large numbers of cells. The small sample volumes used during the
microfluidic purification process allow a high protein concentration to be maintained,
which is helpful if protein complexes fall apart upon dilution. Furthermore, the
small sample volume also allows for ’buffer conditioning’ [Arnold et al. 2016], e.g.,
for the introduction of small ligands before sample vitrification. In addition, further
optimization of the purification step and use of the cryoWriter, will almost certainly
make it possible to perform the whole preparation in less than 1 h, facilitating the
investigation of sensitive proteins targets. Finally, the toolchain presented here
can also be combined with in vitro translation systems, which would enable high-
throughput structure determination, or with a single cell lysis device [Kemmerling
et al. 2013, Arnold et al. 2016, Arnold et al. 2017], which would bring the structural


























Figure 3.3: 3D reconstruction of the human 20S proteasome. The red arrowheads indicate
the catalytically active subunits. (a) Side view showing the two α and two β rings, all 14
subunits are fit into the mass-densities. Parts of the two bound Fabs are visible at lower
resolution, due to the high flexibility of the attached Fabs. The C2 symmetry-axis is indicated.
(b) Top view of an α and a β ring, both have a pseudo 7-fold symmetry. Different subunits
are indicated by different colors. (c) A zoom into the side-view region indicated by the
dashed box in panel a, documenting the quality of the data and model fitting. An enlarged
view of one α helix and three strands of a β-sheet are shown in (d) as an example.
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3.5 Material and methods
Generation of Fabs
Fabs were generated from an antibody against the α4-subunit of the human 20S pro-
teasome (Enzo Life Sciences, BML-PW8120, Switzerland), using a commercial kit
(Thermo Fisher Scientific Inc., # 44685, Switzerland) and following the provided
protocol. After generation of Fabs, the buffer was changed to phosphate-buffered
saline (PBS, pH 7.4, 150 mM NaCl, 1.5 mM KH2PO4, 8.1 mM Na2HPO4, 2.6 mM KCl;
Sigma, # D8537, Switzerland), and the Fabs were concentrated to a concentration
of 0.28 mg mL−1 using a centrifugal filter unit (Sigma, # UFC501024, Switzerland).
Biotinylation of Fabs
To biotinylatilate the Fabs, a six-fold molar excess of photo-cleavable NHS-biotin cross-
linker (Fisher Scientific, # NC1042-383, USA) was added to the Fabs (0.28 mg mL−1,
5.6 mM) and incubated at room temperature for 1 h. Excess, unbound cross-linker was
removed using a spin desalting-column (Thermo Fisher Inc., # 87764, Switzerland)
following the instructions from the kit-protocol.
Binding of the 20S proteasome to magnetic particles
To ‘fish’ the human 20S proteasome, HeLa cell lysate (human origin, Enzo Life
Sciences, BML-SW8750, Switzerland) was incubated in the presence of 0.7 mM of
biotinylated Fabs at 4 ◦C for 5 h. Subsequently, super-paramagnetic DynabeadsTM
(Thermo Fisher Scientific Inc., # 65602, Switzerland) were added to achieve a final
concentration of 5 pM and incubated additionally for 1 h at 4 ◦C. Glycerol and ATP
which maintain proteasome stability were intentionally not added to the buffers
to ensure that the regulatory complexes dissociated from the 20S proteasome core
complex [Leggett et al. 2005].
Extraction and vitrification of 20S proteasome
After the incubation step, a 0.3 µL volume of the cell lysate/Fabs/super-paramagnetic
beads mixture was aspirated into the microcapillary of the cryoWriter setup at a flow
rate of 0.4 µL min−1, and passed through the electromagnetic trap (see Supplementary
Information S1). The beads were retained by the magnetic field gradient to form a
bead plug. Subsequently, the flow direction was inverted and the particle plug was
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washed with 4 µL washing buffer (25 mM HEPES KOH, pH 7.5, 5 mM MgCl2) at a
flow-rate of 3 µL min−1. The aspiration-wash cycle was repeated twice. In all, a total
of 0.9 µL cell lysate was loaded into the microcapillary. At the end, the capillary was
washed further with 45 µL of washing buffer at a flow-rate of 3 µL min−1.
Before UV cleavage, the sample plug was enclosed between two 6 nL air bubbles that
were introduced from the nozzle tip, and were separated by a volume of 25 nL washing
buffer containing 1 mg mL−1 of tobacco mosaic virus (TMV). See also Supplementary
Information 3.6 for more details. TMV was kindly supplied by Ruben Diaz-Avalos,
Howard Hughes Medical Institute, USA. The hydrophilicity of the inner surface of
the microfluidic capillary retains a thin hydration layer, which allows magnetic beads
with loaded samples to remain within the aqueous phase while the air bubbles are
introduced. The sample plug was then exposed for 15 min to UV light emitted at a
wavelength of 365 nm by a 190 mW UV LED (Thorlabs, # M365L2, Switzerland).
After photo-cleavage, 20 nL of the 25 nL eluate containing the purified protein was
primed on a 400-mesh copper grid covered with a holey carbon film (R1.2/1.3,
Quantifoil, Germany) that was glow discharged for 45 s in air plasma immediately
before use. The cryo-EM grids were prepared as described [Arnold et al. 2017],
applying protocol 1. However, we adjusted the parameters for the sample: the stage
temperature was 7 ◦C above the dew point temperature of the environment, i.e.,
10 ◦C on most days, and the settling time was 50 ms.
Data Acquisition
Cryo-EM image data were collected on a FEI Titan Krios (ThermoFisher Scientific)
transmission electron microscope, operated at 300 kV and equipped with a Gatan
Quantum-LS imaging energy filter (GIF, 20 eV zero loss energy window; Gatan Inc.).
Micrographs were acquired using a K2 Summit direct electron detector (Gatan Inc.)
operated in dose fractionation mode (super-resolution 8k, 30 frames, 0.2 s/frames,
6 s total exposure) and controlled by the SerialEM [Mastronarde 2005] software.
The physical pixel size was 0.812Å and the total electron dose was 72 e–Å−2 per
recorded image stack (movie). Micrographs were drift-corrected, dose-weighted, and
Fourier-cropped to 4k, using MotionCor2 [Zheng et al. 2017] via the FOCUS interface
[Biyani et al. 2017]. Additional data collection parameters are listed in SI C.
Image processing
An initial model for subsequent processing with RELION3 [Zivanov et al. 2018] was
generated using cryoSPARC v2 (Structura Biotechnology Inc.) [Punjani et al. 2017].
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Particles were picked in cryoSPARC v2, and then 2D classified. An ab-initio model
was generated using ≈19 000 particles selected from the best 2D classes, and subse-
quently refined to 4.1Å resolution with C2 symmetry imposed.
For RELION3 processing, 55 135 particles were picked with Gautomatch (K. Zhang,
www.mrc-lmb.cam.ac.uk/kzhang/) using templates projected from the map obtained
using cryoSPARC v2, and low-pass filtered to 20Å resolution. After 2D classifica-
tion, 38 848 particles were 3D classified into 4 classes. The best class, containing
16 015 particles was selected for 3D refinement. A generous mask derived from the
refined map low-pass filtered to 15Å and with a soft-edge of 6 voxels was used for
postprocessing, yielding a resolution of 4.3Å. Afterwards, rounds of CTF refinement
including defocus refinement per-particle, astigmatism refinement per-micrograph,
and beam-tilt refinement per-dataset were iterated with rounds of Bayesian polishing
and 3D refinement. A final 3D refinement, using a soft-mask that excluded the
flexible Fabs and employed solvent-flattened FSC curves to filter the 3D reference
at every iteration, resulted in a map with a final global resolution of 3.5Å after
postprocessing. Image processing parameters are listed in SI C. For more details on
resolution estimation please see Supplementary Information S4.
Helical processing of TMV was performed with RELION3 [Zivanov et al. 2018] from
481 micrographs of the same data set that contained 20S proteasome, following
standard helical refinement and reconstruction procedures [He & Scheres 2017]. The
final resolution of the TMV map was 1.9Å (Supplementary Information S4).
Model building
The model for the native human 20S proteasome was built based on the X-ray
structure from Schrader et al. (PDB ID: 5LE5) [Schrader et al. 2016]. Chimera
[Pettersen et al. 2004] was used for the initial rigid-body fitting. The bound Fabs
helped to identify the different subunits in the electron density map. For further
processing, all heteroatoms were removed. Real space refinement with PHENIX
[Adams et al. 2010] and manual adjustments in Coot [Emsley et al. 2010] were done
iteratively to obtain the final model, ending with a cycle of PHENIX real-space
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S1 Characteristics of the magnetic trap
The magnetic particle trap consists of two electromagnets arranged with opposite











Figure 3.4: Image of the magnetic trap set-up. The opposite poles of two 4.8 W electro-
magnets (a) are facing one another. A microcapillary (b), held with the manipulator arm
(c), is placed between the two iron tips (d) of the electromagnets. The trapped magnetic
plug can be observed with a camera (e) via a mirror (f). The photo-cleavable cross-linker
can be exposed to UV light using a LED (g) emitting light at 365 nm that is deflected by a
mirror (h).
This concentrates the magnetic flux to a small area and forms a strong field gradient
between the two tips (see Figure 3.5). For magnetic particle trapping, the front
part of the microcapillary segment just above the nozzle was placed in this region
using a motorized XYZ linear translation stage, and the sample was aspirated. The
magnetic force acting on the super-paramagnetic particles immobilized the beads.
In experiments, super-paramagnetic beads with sizes from 15 nm to 1000 nm can be
trapped and experience a magnetic force Fm acting on a saturated particle according
to:
Fm = V ·MS · µ0 · ∇H (3.1)
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where V is the volume of the magnetic particles,MS the saturation magnetization, µ0
the magnetic constant, and H the magnetic field strength. The current controls the
field applied by the electromagnets. Due to the dependence on the volume (V ), higher
currents are needed in order to trap smaller particles. When the electromagnets are
operated at maximum power, the core and the tips significantly heat up. For this
reason, a cooling water system was implemented allowing the tips to be cooled to
4 ◦C by pumping water through a copper tubing twisted around them. Both, the
copper tubing and the iron tips were coated with nickel to reduce corrosion. The
magnetic trap is mounted on a motorized stage, allowing it to be moved in the
vertical direction, independent of the microcapillary manipulator arm. For sample
uptake, the magnetic trap and microcapillary were simultaneously moved down to
insert the nozzle tip of the capillary into the sample well.
The parts used to build the magnetic trap are summarized in Table 3.1. Connecting
parts were manufactured by the workshop of the Biozentrum, University of Basel,
Switzerland. Plans are available upon request. Further cryoWriter parts used for
grid preparation are described in [Schmidli et al. 2018].
Part Name Part Number Distributor
Electromagnet GTO-40-0.5000-24VDC Conrad Electronic AG
Iron magnet tips - In-house production
Cooling pump 2449120 Digitec Galaxus AG
Tubing for cooling system 1025U04 Parker Hannifin
Tubing for cooling system 1025U06 Parker Hannifin
Motorized trap stage M-126.PD2 Dyneos AG
Connector plate (trap-stage) - In-house production
Camera (Magnetic Trap) NetFOculusFO124TC NET GmbH
Optics (trap camera) MLM3X-MP FRAMOS GmbH
Mirror (trap camera) PF07-03-P01 Thorlabs
UV LED M365LP1c Thorlabs
Dielectric Mirror BB0511-E01 Thorlabs
Syringe pump controller A3921000093 Cetoni
Syringe pump dosing unit A3921000095 Cetoni
Liquid handling syringe HA-80901 BGB Analytik AG
Microcapillary tubing TSP-150375-D-10 BGB Analytik AG
Liquid handling nozzle FS360-150-30-N-5-C12 MS Wil GmbH
PressFit Connector 2525LD BGB Analytik AG
Table 3.1: Parts list of the magnetic trap setup.
Figure 3.5 shows a finite element simulation of the magnetic flux density within the
magnetic trap system, which was caluclated with COMSOL Multiphysics. Soft-iron
material properties were applied to the magnet cores and tips using a non-linear
B-H curve that includes saturation effects. The windings were modelled with coil
features.
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Figure 3.5: Finite element simulation of the magnetic field generated by the electromagnetic
trap system. (a) 2D plot of the magnetic flux density around the iron tips (black solid lines).
The direction of the magnetic fields is shown with black arrows. The size of the arrows is
proportional to the field strength. The values in the color scale are given in Tesla (T). (b)
Extracted 1D plots of the magnetic flux density from the 2D plot in (a) at the positions
indicated with dashed lines. The figure shows that between the tips (x=0) the highest field
gradients are observed. This leads to a magnetic force Fm pushing magnetic particles towards
this region.
S2 Enclosure of sample between air bubbles
wash buffer













Figure 3.6: Illustration of the magnetic particle-plug enclosed between two 6 nL air bubbles
for UV exposure and elution. The air bubbles act as barriers preventing diffusion and Taylor
dispersion to keep the protein concentration as high as possible.
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S3 Data collection and image processing parameters
The data collection parameters are provided in Table 3.2, and the main image process-
ing parameters used for the 20S proteasome and TMV are given in Tables 3.3 & 3.4.
Data collection
Voltage 300 kV
Physical pixel size 0.812Å
Super-resolution pixel size 0.406Å
GIF zero loss energy window 20 eV
Defocus range −1.0 µm to −2.2 µm
K2 operating mode 8k super-resolution
Number of frames 30
Second per frame 0.2
Total dose 72 e–Å−2
Number of micrographs 523
Table 3.2: Data collection parameters.
Image processing 20S proteasome
Micrographs 523
Box size 480 pixel
Box size (after down-sampling) 384 pixel
Pixel size (after down-sampling) 1.015Å
Gautomatch picked particles 55,135
Particles after 2D classification 38,848
Particles for 3D refinement 16,015
Symmetry C2
Final resolution 3.5Å
Estimated map sharpening B-factor −39.2Å2
Table 3.3: Image processing parameters used for 20S proteasome structure determination
with RELION3.
S4 Fourier shell correlation and local resolution histograms
We used the Fourier shell correlation method [Harauz & van Heel 1986] between two
independently refined half-maps (’gold standard’) [Scheres & Chen 2012] to estimate
the resolution of our 3D reconstructions (Figure 3.7a). A threshold of 0.143 on the FSC
curve was adopted to define the resolution limit of the reconstruction [Rosenthal &
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Image processing TMV
Micrographs 481
Box size 420 pixel
Number of asymetric units 31
Picked end-to-end coordinated 2,676
Extracted particles 52,806
Initial helical rise 22.03°
Particles after 2D classification 52,806
Particles after 3D refinement 52,776
Symmetry C1
Final resolution 1.9Å
Estimated map sharpening B-factor −38.9Å2
Table 3.4: Image processing parameters used for helical structure determination of TMV
with RELION3.
Henderson 2003]. The FSC curves were corrected for artificial correlations introduced
by masking [Chen et al. 2013]. We found a global resolution of 3.5Å for the
20S proteasome and of 1.9Å for the TMV. These estimates correlate well with the
features observed in the maps (see Figure 3.3 of the main text for the 20S proteasome
and chapter S7 for the TMV). The estimated resolution is further corroborated by the
local resolution histograms shown in Figure 3.7b, which display the normalized counts
of voxels at each resolution. The resolution for the proteasome varies significantly;
for more details, see Chapter S5. The local resolution was assessed based on the
half-maps using the method described in [Cardone et al. 2013], as implemented in
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Figure 3.7: Resolution estimation for the 20S proteasome (blue) and TMV (green).
(a) Fourier shell correlation from the RELION3 refinement. (b) Histograms depicting
the normalized voxel counts per resolution range.
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S5 Local resolution map of the 20S proteasome
Figure 3.8 shows the local resolution calculated for the 20S proteasome using RE-
LION3. Note that the active domains (indicated by red arrowheads in Figure 3.8
are less well resolved than the other domains, and are associated with the catalytic
subunits of the β-ring. Interestingly, the resolution of the α-ring around the pseudo-
seven-fold axis is quite heterogeneous, whereas the β-ring exhibits lower resolution
around subunits β4 and β5. Since subunits β4, β5 and β6 are the catalytically
active elements [da Fonseca & Morris 2015], the lower resolution of subunits β4 and
































Figure 3.8: Local resolution map for the human 20S proteasome at a global resolution of
3.5Å. (a) Side view with annotated Fabs. (b) Local resolution of the α-subunits. (c) Local
resolution of the β-subunits. The red arrowheads indicate the catalytically active subunits.
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S6 Model building results
After initial rigid body fitting, the 20S proteasome and TMV models were refined
using PHENIX. The models were assessed by the fit to the experimental density and
validated with clashscore, Ramachandran statistics, and good bond/angle lengths as
shown in Tables 3.5 & 3.6. Additionally, a random shift (mean 0.3Å) was introduced
to the final models and each model was refined with the same settings against one
unfiltered half map (half-map 1). The FSC curves of the models against half-map 1
and the other half map (half-map 2) was then calculated (Figures 3.9 & 3.10). The
fact the both curves look very similar indicates that no overfitting took place.
Phenix Real-Space Refinement
Map CC (around atoms) 0.80
MolProbity[Davis et al. 2007]
All-atom clashscore 4.79
Ramachandran favored 96 %
Ramachandran allowed 2.43 %
Ramachandran outliers 0.26 %




Table 3.5: 20S proteasome model validation statistics.
Phenix Real-Space Refinement
Map CC (around atoms) 0.87
MolProbity[Davis et al. 2007]
All-atom clashscore 0.84
Ramachandran favored 97.35 %
Ramachandran allowed 2.65 %
Ramachandran outliers 0 %






























 Model vs local resolution-filtered map (all data) FSC
 Model (half-map 1) vs map (half-map 1) FSC
 Model (half-map 1) vs map (half-map 2) FSC
Figure 3.9: FSC curve of the final 20S proteasome model versus the full map (all data),
against which the model was refined (red). The full map used to calculate the FSC was
resolution filtered. FSC curve of the final 20S proteasome model with randomized coordinates
shifts (mean shifts of 0.3Å) versus the first unfiltered half-map (half-map 1) against which

























 Model vs local resolution-filtered map (all data) FSC
 Model (half-map 1) vs map (half-map 1) FSC
 Model (half-map 1) vs map (half-map 2) FSC
 
Figure 3.10: FSC curve of the final TMV model versus the full map (all data), against
which the model was refined (red). The full map used to calculate the FSC was resolution
filtered. FSC curve of the final TMV model with randomized coordinates shifts (mean shifts
of 0.3Å) versus the first unfiltered half-map (half-map 1) against which it was refined (grey)
and versus the second half-map (half-map 2) against which it was not refined (blue).
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S7 Three-dimensional map of TMV
Fig. 3.11 demonstrates the high quality of the microfluidic grid preparation. We
report here the map of TMV at a global resolution of 1.9Å. Compared to the
20S proteasome, this map has both higher global resolution (see FSC curve in S4,
Fig. 3.7a) and less variable local resolution (Fig. 3.7b) due to the higher rigidity of






Figure 3.11: 3D reconstruction of TMV at a global resolution of 1.9Å showing the top
view ((a) and the side view (b) of the electron density map. The zoom-in (c) demonstrates
the high resolution features of the map. At this resolution it is possible to see the holes of
the aromatic rings (d).
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4 Sample purification for transmission electron microscopy
using magnetic nanoparticles
I n this section, microfluidic sample purification using 30 nm sized magnetic ironoxide nanoparticles is presented. The small size of nanoparticles offers many
advantages as a solid phase support carrier for affinity extraction methods compared
to commonly used microspheres (∼1 µm), but on the other hand also makes particle
trapping more challenging. We designed and constructed an electromagnetic particle
trap allowing the immobilization of magnetic nanoparticles and their cargo by the
generation of high magnetic field gradients. Thus, iron oxide particles down to a size
of 10 nm could be trapped and employed for protein purification.
My contribution was performing the required simulations to optimize the magnetic
trap, manufacturing the trap, carrying out the presented purification experiments
and writing this section.
This manuscript has not been published.
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Abstract
Biomolecules are vital components within living organisms and play many critical
roles. Knowledge about their 3D assembly is crucial for the understanding of biologi-
cal processes. Using magnetic microspheres in microfluidics enables the extraction of
target proteins from minute sample volumes and the analysis of their 3D architecture
with transmission electron microscopy (TEM) (see [Schmidli et al. 2019] and Chap-
ter 3). Already simple magnetic separators produce magnetic field gradients high
enough for the immobilization of ∼1 µm magnetic microparticles within reasonable
time. However, extracted biomolecules have to be separated from the attached
microspheres after the purification process. Here, we show how ~30 times smaller
iron oxide particles can be applied instead, using our in-house build high field gradient
magnetic trap. Thus, there is no need for separation of magnetic particles from
bound target molecules anymore. Instead, attached nanoparticles can further be
utilized as electron dense markers and can help for protein identification or be used
as fiducials for 3D tomogram reconstruction.
For demonstration, we isolated a novel cellular structure involved in Malaria termed
Maurer’s cleft tethers from <2 µL infected erythrocyte lysate using 30 nm sized mag-
netic iron oxide particles. Negative stain and cryo-EM grids were directly prepared
from the resulting 10 nL of isolated sample by using our recently published grid
writing technology [Schmidli et al. 2018]. Prepared grids with purified Maurer’s
cleft tethers allowed a closer inspection of the 3D structure, which has not been
investigated before. Further, tilt series on cryo grids were acquired and 3D tomograms
reconstructed using the nanoparticles as fiducials. We were able to show that the
adjunct of gold fiducials is not needed when using our purification methodology for
cryo-electron tomography (cryo-ET).
4.1 Introduction
In the recent years, magnetic particles became extremely popular and were applied
in many different areas [Larson et al. 2007, Mahon et al. 2012, Swain et al. 2016]
including biomolecule isolation techniques in the field of biosciences and biotech-
nology [Franzreb et al. 2006, Peter et al. 2009, Lien et al. 2007, Berensmeier 2006].
Conventional biomolecule isolation approaches comprise a variety of chromatogra-
phy, centrifugation and precipitation procedures [Tan & Yiap 2009]. Among those,
especially affinity chromatography is a powerful purification tool whose strength has
been shown in many applications [Coelho et al. 2012]. However, magnetic separation
techniques have several advantages compared to these standard methods designed for
the laboratory scale [Safarik & Safarikova 2004]. The comparatively simple procedure
usually involving only a few handling steps allows the implementation in one single
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reaction vessel without the need of expensive chromatography systems, centrifuges
or other equipment. The crude cell lysate containing suspended solid and fouling
components can be used directly and common pre-processing steps to remove cellular
debris are not required. Further, there is high potential for miniaturization giving rise
to microfluidic-based approaches capable of handling sample volumes much smaller
than typically used in columns. To solve a protein structure with cryo-EM only
10,000 to a few millions protein particles are required. Such tiny amounts of sample
can be provided by miniaturized sample preparation methods. The combination of
microfluidics and TEM is a promising approach opening up new opportunities for the
analysis of small sample volumes such as e.g. used for diagnosis (biopsies) or single
cell analysis. Furthermore, expenditures of costs and time are massively reduced
using a purification approach based on magnetic particles.
The size of magnetic particles employed in most biomolecule separation methods is
larger than 0.5 µm. This dramatically simplifies particle handling, since the magnetic
force acting on the particles depends on the squared particle radius. Simple systems
consisting of a single permanent magnet are sufficient for magnetic separation. The
particles are pulled down in a pellet within a reasonable time, enabling protein
purifications in less than one hour [Giss et al. 2014, Schmidli et al. 2019]. However,
the application of smaller nanoparticles provides considerable benefits. The much
higher surface area to volume ratio allows for better accessibility of the antibody
functionalized surface and reduces disturbance of the native functions of proteins or
protein-protein complexes. Due to the higher diffusion rate of smaller particles also
incubation times are minimized. Another advantage is the fact that the magnetic
nanoparticles are small enough for further usage as electron dense labels in cryo-EM
facilitating the identification and detection of isolated targets. Thus, e.g. regions of
interest in protein complexes can be localized. Finally, the magnetic particles can
directly be used as fiducials for cryo-electron tomography (cryoET).
Here, we developed a microfluidic particle trap allowing the immobilization of
magnetic particles down to a size of 10 nm. This enables the affinity isolation of un-
tagged protein from small sample quantities using antibody functionalized magnetic
nanoparticles. The whole protein purification module is implemented in our previ-
ously published microfluidic grid preparation system termed cryoWriter [Schmidli
et al. 2018, Arnold et al. 2017, Arnold et al. 2016]. Thus, isolated samples can directly
be prepared for negative staining or cryo-EM. To demonstrate the usefulness of the
method, novel cylindrical structures involved in malarias disease were isolated from
trophozoite stage-infected erythrocytes. These cellular structures of not yet clear
function and composition were analyzed with negative stain TEM, cryo-TEM and
cryo-TEM tomography.
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Figure 4.1: Principle of microfluidic protein purification using magnetic nanoparticles. a)
Illustration of an antibody functionalized nanoparticle. The biotinylated antibody (green)
is linked via photo-cleavable crosslinker (yellow) to the streptavidin coated nanoparticle
surface (black). This allows recognition and coupling of target structures (red) in biological
samples. b) After incubation with functionalized nanoparticles the sample is aspirated in
the microfluidic system. Nanoparticles with their cargo are immobilize in an electromagnetic
trap and thus separated from other constituent parts of the sample. c) Finally the isolated
nanoparticles are enclosed between two air bubbles, which are introduced from the capillary
tip and d) eluted with their coupled proteins. Optionally, the photo-labile linkage between
the proteins and nanoparticles can be cleaved using an UV LED (not shown). e) If needed a
sample conditioning step can be performed, f) before the sample is deposited on a grid and




The microfluidic sample purification procedure developed to isolate proteins by
the use of 30 nm nanoparticles, works as follows see (Figure 4.1). Nanoparticles
are functionalized with a specific antibody recognizing the target structures. The
particles are then incubated with sample allowing the binding of the antibody to the
target epitopes. After incubation, the sample is aspirated in a microcapillary where
nanoparticles with their cargo are immobilized by an magnetic field gradient and
other components are flushed away. Finally, the magnetic particles and targets are
released by switching off the magnetic trap and deposited onto a grid. To increase
the final yield of extracted proteins, the magnetic particle plug was enclosed between
two 10 nL air bubbles in a volume of 7 nL sample buffer before elution. Thereby,
sample dilution caused by diffusion and Taylor dispersion is minimized. Optionally,
the photo-labile linkage between the antibody and the nanoparticles can be cleaved
by exposing the plug to 365 nm UV light. This alleviates the analysis of the isolated
compounds without linked labels.
To demonstrate the usability of the magnetic nanoparticle based affinity purifi-
cation method, we isolated cellular structures involved in Malaria. In 2010, Esther
Pachlatko et al. [Pachlatko et al. 2010] showed that during the life cycle of Malaria
a protein termed membrane- associated histidine-rich protein-2 (MAHRP2) is ex-
ported to novel tubular structures in the erythrocyte cytoplasm, representing the
first protein localizing exclusively there. Further, they hypothesized that the tubes
tether organelles known as Maurer’s clefts to the erythrocyte cytoplasm, wherefore
they are termed Maurer’s cleft tethers. So far, the structure and composition of
Maurer’s cleft tethers is not known. However, more structural knowledge might be
helpful for a better understanding of the refurbishing process of the host cell upon
the malaria parasite invasion into erythrocytes.
We were able to isolate Maurer’s cleft tethers from <2 µL lysate of trophozoite
stage infected erythrocytes and deposit the purified sample onto TEM grids with
our previously published grid writing technology [Schmidli et al. 2018]. For negative
stain EM, the microcapillary tip containing the purified sample was immersed into
negative staining solution. Thereby, a diffusion driven exchange between the heavy
metal salts of the staining solution and the salt ions of the sample buffer takes places
removing salt ions and introducing stain into the sample buffer. Both, staining and
desalting of the sample are crucial for negative stain EM sample preparation [Arnold
et al. 2016]. After the conditioning step of 12 min a volume of 10 nL of purified
protein was deposited onto a glow discharged negative stain TEM grid and slowly
air dried on the temperature-controlled stage of the cryoWriter setup. Figure 4.2a
& b shows negatively stained isolated tethers, which were cleaved from the bound
nanoparticles by UV exposure. The images reveal the variable tether length and
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Figure 4.2: TEM images of isolated Maurer’s cleft tethers. a) Low magnification negative
stain image of isolated tethers showing their cylindrical structure and varying length. The
nanoparticles were cleaved away from the target structures before elution. Due to the
high specificity of the method, an extremely clear background can be observed. The inset
illustrates the deposition of the isolated 10 nL sample droplet that was imaged. b) High
magnification image of an isolated tether. c) High magnification image of a tether that was
eluted without photo-cleavage of nanoparticles. The bound nanoparticles labels MAHRP2
associated with the Maurer’s cleft tether. d) Cryo-EM image of an isolated tether where
nanoparticles were cleaved away. All scale bars read 100 nm.
the constant diameter of ∼30 nm, leading to the assumption that the structures are
arranged in a helical pattern and grow along their longitudinal axis. The recovery of
tethers without photo-cleavage where magnetic particles are still bound (Figure 4.2c)
confirms the presence of MAHRP2 on the tether surface. Bound particles indicate




For cryo-EM analysis, isolated and photo-cleaved tethers were deposited onto grids
covered with a perforated carbon. By moving the capillary relative to the grid surface
during dispensing the droplet spread over a larger area on the grid surface. Subse-
quently, as much sample as possible was re-aspirated leaving a thin film on the grid
which was immediately plunge in liquid ethane for vitrification. Figure 4.2d shows a
typical cryo-EM image of a vitrified Maurer’s cleft tether. Unfortunately, there are no
clear secondary structure features identifiable and the contrast is relatively low. We
therefore hypothesize the tethers consist of accumulated lipids associated with certain
proteins such as MAHRP2. Since nanoparticles do not interfere with the sample
analysis in the electron microscope, they were eluted together with the isolated
proteins even when the photo-labile linkage between antibodies and nanoparticles
was cleaved before deposition (see Figure 4.2a). This allowed the re-utilization of the
nanoparticles as fiducials for the 3D reconstruction of tomograms (see Figure 4.3).
Unfortunately, also tomography didn’t reveal structural features supporting the
assumption of the existence of a lipid composed tether conglomerate. However, the
principle of re-using the nanoparticles for cryo-ET image processing works and shows
a further application of the nanopartilces besides pulling out specific proteins from
crude biological samples.
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Figure 4.3: Cryo-electron tomography (cryo-ET) of isolated Maurer’s cleft tethers. a) Lon-
gitudinal cross-section and b) transverse cross-section through reconstructed 3D tomogram.
c) 3D model of reconstructed tomogram manually traced with the Amira software. The scale
bars read 50 nm.
4.3 Conclusion
Magnetic separation has a high potential for miniaturizing sample purification in
cryo-EM. Microfluidics combined with magnetic particles can provide enough protein
particles for the analysis in TEM [Giss et al. 2014] and the determination of their 3D
fold [Schmidli et al. 2019]. So far, microspheres were always used for target protein
extraction, because of the straightforward immobilization procedures in magnetic
separators. However, microspheres have to be separated from isolated protein samples
after the purification process due to their large size extension. The micrometer-sized
particles otherwise cover up target proteins in the sample and make their analysis
impossible. Further, vitrification of samples containing microspheres results in too
thick ice, ruling out the possibility of performing cryo-EM studies.
Here, we used ~50x smaller magnetic particles for sample purification and grid
preparation. An electromagnetic particle trap was developed allowing the immo-
bilization of particles down to 10 nm in a ∅150 µm microcapillary. The smaller
magnetic nanoparticles do not necessary have to be separated from isolated samples
and exhibit more beneficial properties. The much higher surface area to volume
increases the binding capacity of targets and reduces incubation times for sample
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binding. Nanoparticles linked to proteins can be used as electron dense labels for
the identification and localization of isolated target structures, making additional
labeling steps e.g. immnogold labeling redundant. Finally, tomograms can directly
be generated using the magnetic particles as fiducials.
We demonstrated the isolation of Maurer’s cleft tethers out of ∼2 µL erythrocyte
lysate and their subsequent preparation for negative stain and cryo EM. Using the
microfluidic grid preparation method combined with 30 nm sized magnetic particles
resulted in a considerable yield of purified targets. In addition, 3D tomograms of the
structures were generated. These experiments, show the first affinity purification of
a biological sample for TEM using magnetic nanoparticles.
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4.4 Material and methods
Preparation of infected erythrocyte lysate
Cell lysate was prepared according to the experimental procedures section in the
paper of Pachlatko et al. [Pachlatko et al. 2010]. Briefly, erythrocytes were infected
with wild type P. falciparum 3D7 parasites that were cultured at 5 % haematocit
with RPMI medium containing 0.5 % Albumax. For the synchronization of the
parasites 5 % sorbitol was used. Infected cells from a 30 ml culture were then
then hypotonically lysed on ice for 5 min with 6.5 mL 5 mM Na2HPO4. To reduce
degradation of proteins complete proteasome inhibitor cocktail from Roche was added
to the buffer. Consecutive centrifugation steps at 5000 g, 38 000 g and 80 000 g
were performed and pellets from each fraction were collected. For protein fishing
experiments, the 80 000 g pellet was used.
Generation of the MAHRP2 rabbit polyclonal antibody
The antibody used for the affinity extraction experiments was generated according
to the paper of Pachlatko et al. [Pachlatko et al. 2010]. In short, recombinantly
expressed MAHRP2 fused to a GST tag was injected into New Zealand white rabbits
to provoke an immune reaction. After 13 d, 20 mL antiserum was collected and
purified using a HiTrap NHS-activated column which was coupled to MAHRP2-GST.
The loaded column was then washed with 50 mL PBS and antibodies were finally
eluted with 0.1 M glycine, pH 2.5 and stored at 4 ◦C.
Functionalization of magnetic nanoparticles with MAHRP2 antibodies
30 nm magnetic nanoparticles with a streptavidin coating were purchased from (Ocean
Nanotech, # SHS-30-01, USA). In order to conjugate antibodies to the nanoparticle
surface, the streptavidin biotin interaction was used. Thus, antibodies had to be
biotinylated first.
Biotinylation of antibodies: The buffer of 12 µL MAHRP2 antibody (0.6 mg mL−1)
was changed to PBS (PBS, pH 7.4, 150 mM NaCl, 1.5 mM KH2PO4, 8.1 mM Na2HPO4,
2.6 mM KCl; Sigma, # D8537, Switzerland) using a desalting column (Thermo Fisher
Scientific, # 87764, Switzerland). Then a 10x molar excess of photo-labile NHS-
biotin crosslinker (Fisher Scientific, # NC1042-383, USA) was added and incubated
for 30 min at room temperature. Excess crosslinker was removed using a desalting
column (Thermo Fisher Scientific, # 87764, Switzerland), which was equilibrated
with PBS to obtain biotinylated antibody at a concentration of 0.23 mg mL−1.
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Coupling of antibody to nanoparticles: 0.8 µL of biotinylated antibody was
added to 6 µL of magentic nanoparticles (Ocean Nanotech, # SHS-30-01, USA) and
incubated 2 h at room temperature. The functionalized nanoparticles were then
stored at 4 ◦C.
Microfluidic protein purification and grid preparation setup
The microfluidic protein purification and grid preparation setup is described in
[Schmidli et al. 2018, Schmidli et al. 2019].
Extraction of Maurer’s Cleft tethers
A 1:10 dilution of the functionalized nanoparticles was made with PBS (PBS, pH 7.4,
150 mM NaCl, 1.5 mM KH2PO4, 8.1 mM Na2HPO4, 2.6 mM KCl; Sigma, # D8537,
Switzerland). 1 µL from this solution was added to 10 µL of the prepared erythrocyte
lysate and incubated on ice for 45 min. After incubation, a volume of 0.4 µL was
aspirated at a flow rate of 0.1 µL min−1 and passed through the electromagnetic
trap. The electromagnetic trap was operated at maximum power to immobilize as
much nanoparticles as possible. In order to avoid heating up of the trap system it
was cooled with the implemented cooling circuit down to 4 ◦C. The aspiration-wash
cycle was repeated twice for a total sample loading of 1.2 µL. Subsequently, the
capillary was flushed with 5 µL of PBS (PBS, pH 7.4, 150 mM NaCl, 1.5 mM KH2PO4,
8.1 mM Na2HPO4, 2.6 mM KCl; Sigma, # D8537, Switzerland) at a flow rate of
0.5 µL min−1. After the washing step two 7 nL air bubbles were introduced from the
nozzle tip to enclose the nanoparticle plug in 10 nL PBS (PBS, pH 7.4, 150 mM NaCl,
1.5 mM KH2PO4, 8.1 mM Na2HPO4, 2.6 mM KCl; Sigma, # D8537, Switzerland).
The hydrophilicity of the inner surface of the microfluidic capillary retains a thin
hydration layer, which allows magnetic beads with loaded samples to remain within
the aqueous phase while the air bubbles are introduced. The nanoparticle plug
was then dissolved by applying a Degaussing process, which removes remaining
magnetism in the particle trap. Depending on the experiment the nanoparticle plug
was exposed to UV light with a LED (Thorlabs, # M365L2, Switzerland) to cleave
the photo-labile crosslinker. Finally, the purified sample was pumped (0.1 µL min−1)
to the microcapillary tip.
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EM grid preparation
Negative staining: Negative staining was done based on the protocol shown in
[Schmidli et al. 2018]. In brief, a conditioning step was performed by immersing
the microcapillary tip into a reservoir with 100 µL tungsten based negative staining
solution (Nanoprobes , NanoW 2 % , USA). Driven by diffusion the stain gets into
the capillary tip and salt ions of the sample move out of the sample in the staining
reservoir. After a conditioning time of 12 min the sample was deposited on an EM
grid (400 mesh Cu grid, covered by a carbon-coated parlodion film) that was treated
20 s with an air plasma. The grid was cooled with the temperature-controlled stage
of our setup to 7 ◦C above the dew point allowing gentle evaporation of the sample
buffer.
Cryo-electron microscopy: Cryo EM grids were prepared as described in [Schmidli
et al. 2018] with the difference that 300 mesh Cu Lacey carbon grids (Agar Scientific
Ltd. , # AGS166-3, UK) were used. Basically, 10 nL of purified sample was deposited
on a glow discharged Lacey carbon grid kept 7 ◦C above the dew point while moving
the capillary relative to the grid surface. As much sample as possible was re-aspirated
leaving a thin film that was vitrified in liquid ethane. The whole procedure was
performed automatically using a macro script of our cryoWriter setup.
Electron microscopy and image processing
Negative stain imaging was performed on a 120 kV FEI Tecnai 12 microscope equipped
with a TVIPS F416 CMOS camera. Cryo-EM images were collected with a 200 kV
FEI Talos on a FEI Ceta 16M Pixel CMOS camera. Dual axis tilt series were acquired
using the SerialEM software [Mastronarde 2005]. Images were recorded at a pixel size
of 1.61Å at 3° intervals over a tilt range of ±60°. IMOD [Kremer et al. 1996] was
used for the 3D reconstruction of tomograms from tilt series. The tether structures
were traced by hand to create 3D models with the Amira® software (Visage Imaging




Analysis of the crude erythrocyte lysate
Crude lysate of infected erythrocytes was analyzed by conventional negative staining.
Using standard protocols no Maurer’s cleft tethers could be observed in the electron
microscope. Few tethers could be found on grids that were not glow discharged
incubating 4 µL sample for a long time of 8 min on the grid (Figure 4.4). The images
show also other constituent parts of the erythrocyte lysate.
Figure 4.4: Conventional negative stain imaging of erythrocytes lysate containing Maurer’s
cleft tethers. 4 µL sample droplets were incubated for 8 min on negative stain grids before
blotting, which allowed discovering tethers (labeled with white arrows) after intensively
screening the grid. The scale bar reads 100 nm.
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Multiple biotinylated antibodies
Ideally, antibodies are mono-biotinylated for the attachment to the streptavidin
coated magnetic particle surface. Multiple biotinylated antibodies can lead to
crosslinking of nanoparticles and the formation of large aggregates as shown in
Figure 4.5. Biotinylation via NHS-biotin compounds is a stochastic process, where a
certain amount of antibodies are biotinylated over time. We obtained best results by
incubating the antibodies for 1 h with 10x molar excess of NHS-biotin crosslinker.
We estimate this leads in average to 1-2 biotins per antibody.
a
b
Figure 4.5: a) Low magnification and b) high magnification image of clustered nanoparticles
and tethers due to excess antibody biotinylation. The scale bars read a) 1 µm and b) 100 nm.
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Incubation of sample with antibodies before adding nanoparticles
Instead of linking the antibodies to the nanoparticles they can also be incubated
first with the sample and the streptavidin coated nanoparticles can be added later.
However, with this approach aggregation of Maurer’s cleft tethers (see Figure 4.6)
was observed. When using antibody functionalized nanoparticles this was not the
case.
Figure 4.6: Incubation of antibodies with sample before adding magnetic nanoparticles.
When incubating MAHRP2 antbodies with infected erythrocyte lysate followed by the addi-
tion of strepavidin coated nanoparticles, clustering of the tethers was observed. Interestingly,
this is not the case when the antibodies were linked first to the magnetic nanoparticles and
then added to the sample. The scale bar reads 100 nm.
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Over-labeling of target structures
Some samples such as Maurer’s cleft tethers have a large surface area presenting
many target epitopes where an antibody can bind. The addition of high amounts of
antibody-functionalized nanoparticles can lead to the decoration of the whole surface
(see Figure 4.7). "Over-labeling" can become a problem, hampering the analysis
of isolated targets because regions of interest are covered. The amount of coupled
nanoparticles has to be carefully adjusted in order to get satisfactory results.
Figure 4.7: Over-labeling of Maurer’s cleft tethers by adding high amounts of antibody
functionalized magnetic nanoparticles. MAHRP2 seems to be present all over the tether
surface. Adding high amounts of magnetic nanoparticles results in the decoration of the
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5 Microfluidic affinity purification of tagged proteins for
transmission electron microscopy
I n this section, microfluidic protein isolation using the affinity interaction ofnitrilotriacetic acid (NTA)/Ni +2 chelates with His-tagged targets is presented.
In collaboration with a group at the University of Applied Sciences Northwestern
Switzerland (FHNW) a novel NTA crosslinker was synthesized and coupled to mag-
netic particles. The usability of the NTA-particles is demonstrated by the re-isolation
of His-tagged Ferritin from spiked cell lysate.
My contribution was testing the cross-linker, forming the Ni-NTA complexes, es-
tablishing the protein isolation protocols, performing the presented purification
experiments and writing this section.
The content of this section are results of the ARGOVIA MiPIS project.
Isolation of His-tagged Ferritin from spiked cell lysate with
NTA-functionalized magnetic beads
Claudio Schmidli1,2, Daniel Bopp3, Maianne Hürzeler3, Henning Stahlberg1 and
Thomas Braun1
1 - Center for Cellular Imaging and NanoAnalytics, Biozentrum,
University Basel, Switzerland
2 - Swiss Nanoscience Institute, University of Basel, Switzerland
3 - School of Life Sciences, Muttenz, Switzerland
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5.1 Introduction
During the early 70’s recombinant DNA technology (rDNA) was developed on Es-
cherichia coli (E.coli) [Marston 1986] moving biology from an exclusively analytical
science to a synthetic one. After the synthesis of functional products cloned in bacte-
rial plasmids, the potential of the rDNA technique was soon realized. Samples of
proteins rarely occurring in living cells could suddenly be generated in high amounts
and the effort for purification was dramatically reduced using fusion proteins and
affinity tags [Brewer et al. 1991, Sassenfeld 1990, Malhotra 2009]. As a consequence,
the majority of solved protein structures are nowadays derived from recombinant
expressed proteins. The expression of recombinant protein in E.coli or mammalian
cells with attached affinity tags is one of the most popular methods for protein
production and purification. Affinity tags are short artificial amino acid sequences
usually grafted either to the N- or C-terminus of an expressed target by appending
a complementary DNA (cDNA) piece to the polypeptide encoding sequence. Thus,
affinity columns with specific matrices can be used for the purification increasing the
yield and solubility of isolated target proteins. The most frequently used affinity tag
is the hexahistidine tag (His6-tag), which enables protein isolation via immobilized
metal affinity chromatography (IMAC) [Lichty et al. 2005]. The IMAC resin binds to
the His-tag of proteins in near-neutral buffer conditions due to the interaction between
the negatively charged His-tag and the transition metal ions (Ni +2 ,CO +2 ,Cu +2 ,Zn +2 )
immobilized on the column matrix [Porath et al. 1975]. Hochuli et al. [Hochuli
et al. 1987] developed a method where Ni +2 is linked to nitrilotriacetic acid (NTA)
providing an inexpensive matrix with high affinity for adjacent histidine residues.
Disassociation of bound recombinant protein is permitted by an imidazole gradient
(20 to 200 mM) [Janknecht et al. 1991, Hefti et al. 2001], changes in pH or metal
chelation. The column matrix can be re-used and withstands multiple regeneration
cycles under stringent conditions. Due to the simple and cost effective purification
procedure providing protein in the multimilligram scale, His6-tag is the by far the
most common fusion partner used in structural studies. The small size of His6-tag
does generally not interfere with the protein structure. However, the required elu-
tion approached based on buffer changes may result in protein aggregates [Hefti
et al. 2001] and are not optimal for cryo-EM. Often dialysis has to be performed after
the purification procedure to change to an appropriate buffer. Further, chemical
elution has the drawback of releasing unspecific bound proteins, particular prominent
in microfluidic systems.
In this section, microfluidic protein purification of recombinant expressed proteins
by the His6-tag is demonstrated. In collaboration with a group at the University
of Applied Sciences Northwestern Switzerland (FHNW) a crosslinker featuring a
NTA moiety on one side and an amine reactive ester group on the other side was
synthesized and coupled to magnetic particles. The NTA functionalized magnetic
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particles were then used to isolated His6-Ferritin from Ferritin spiked cell lysate.
Besides offering the possibility of purifying minimal amounts of protein, a main
advantage of this method is the gentle photo-elution technique which makes changes
in buffer conditions redundant and keeps proteins in physiological buffer conditions.
By performing first proof-of-concept experiments, we show the high potential of the





























































Figure 5.1: Illustration of the novel NTA-crosslinker and how it links a magnetic particle to
a histidine group via Ni2+ chelation. (a) The crosslinker consists of four functional parts: (i)
A NHS ester group reacting with amines present on the magnetic particle surface to form a
covalent bond, (ii) a polar spacer arm increasing the solubility and lowering steric hindrance
of the NTA group, (iii) a photo-cleavable part which is used for elution of isolated proteins
and (iv) a NTA group featuring high affinity to His-tagged proteins. (b) Illustration of the
crosslinker attached to a magnetic particle via the amine reactive ester group. The NTA
group on the other site has a high affinity to Ni2+ (red), which coordinates with histidine
tagged proteins (blue).
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5.2 Results
We manufactured superparamagnetic nanoparticles with a photo-cleavable NTA coat-
ing (see Figure 5.1). The NTA moiety present on the nanoparticle surface chelates
Ni2+ ions, which can bind His-tagged proteins from recombinant expression. For
coupling the NTA groups to the magnetic particles, a photo-labile crosslinker was
synthesized in collaboration with FHNW (see Figure 5.1). The crosslinker consists
of four functional parts: (i) An amine reactive NHS ester group allowing the linkage
of the crosslinker to the amine functionalized magnetic nanoparticles, (ii) a polar
spacer arm increasing the crosslinker solubility and lowering steric hindrance of the
NTA group, (iii) a photo-labile part used for cleavage of the crosslinker and (iv) a
NTA group that can bind His-tagged proteins.
50 mg of crosslinker was synthesized in a multi-stage procedure and the final product
was validated with NMR. The photo-decomposition of the photo-labile part was
tested by irradiation with UV light for several minutes. A change of the solvent
color from transparent to an intensive orange indicated degradation of the photo-
reactive core. Following NMR measurements confirmed successful cleavage, which
was also observed when exposing the crosslinker to sunlight for several days. An
ideal storage place is therefore protected from light and should also be in a water free
environment avoiding hydrolysis of the ester groups. Amine functionalized magnetic
particles were prepared by incubating commercial amine coated microspheres with
the NTA-crosslinker. After incubation, unbound excess crosslinker was removed
using magnetic separation. Final incubation of the magnetic particles with NiCl2
solution resulted in the chelate complex between Ni2+ and NTA.
To show the usability of the NTA-beads for microfluidic protein purification, His-
tagged, recombinant Soybean Ferritin-2 was mixed with HEK293 lysate resulting
in a heterogeneous sample containing 2 µM Ferritin (see Figure 5.2a). This mixture
was used to re-isolate Ferritin particles followed by subsequent grid preparation for
negative stain EM. Therefore, 50 µg of functionalized magnetic particles were added
to the Ferritin spiked cell lysate and incubated for 15 min on ice. After incubation,
the total sample volume of 10 µL was aspirated in a 150 µm microcapillary and passed
through a magnetic trap where magnetic particles with the bound Ferritin targets
were immobilized. The capillary was then rinsed with buffer to remove HEK293
lysate components. Isolated Ferritin was separated from magnetic particles by UV
cleavage and 4 µL Ferritin eluate were deposited on a glow discharged negative stain
grid. Conventional negative staining was done manually resulting in grids with
isolated Ferritin at high concentration and purity (see Figure 5.2b). The fairly clean
background demonstrates the specificity of the method and the high particle number






Figure 5.2: TEM images of the Ferritin sample before and after purification. a) HEK293
cell lysate spiked with His-tagged Ferritin (2 uM) from Soybean. b) Negatively stained
Ferritin that was isolated out of the HEK293 lysate.
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5.3 Conclusion
The overwhelming majority of biomolecules analyzed in cryo-TEM studies are recom-
binantly derived proteins. Most of these proteins are expressed as fusion constructs
to facilitate subsequent protein purification in affinity columns or to increase protein
yields, solubility, and even folding of target partners [Waugh 2005, Smyth et al. 2003].
Among all the different fusion partners being used nowadays, the His6-tag is the
most common one. Due to its utility in nickel affinity chromatography it allows
simple and cost effective protein purification on a large scale [Bucher et al. 2002]. We
were able to manufacture NTA functionalized microspheres for microfluidic protein
isolation. This allowed us to supplement our antibody based protein purification
methodology with an alternative affinity interaction approach. The application of
NTA functionalized beads enables purification of His-tagged proteins without the need
of antibodies, which are often not available for a given target. Thereby, we were able
to significantly reduce incubation times for binding proteins to the solid phase and
avoided crosslinking between proteins that may occur with full antibodies. Finally,
the preparation of beads coupled to specific primary antibodies is not needed anymore.
5.4 Acknowledgments
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5.5 Material and Methods
Synthesis of the NTA-crosslinker
Manufacturing of the NTA-crosslinker was done by a multiple stage synthesis as
described in [Bopp 2018].
Coupling of the NTA-crosslinker to magnetic beads
1 mg crosslinker was dissolved in anhydrous DMF (Sigma-Aldrich, #227056, Switzer-
land) and 30 µL magnetic beads (Thermo Fisher Scientific, #14307D, Switzerland)
featuring amine groups on the surface were added. After 1 h incubation at room
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temperature with constant mixing using an overhead shaker, the magnetic particles
were washed 4x with 200 µL PBS using a permanent magnet. Finally, the particles
were dissolved in 200 µL PBS.
Complexation with Ni2+
For Ni2+ complexation of the NTA-beads, 0.05 M NiCl2 was added to the bead
solution and incubated overnight in an overhead shaker at 4 ◦C. Finally, the magnetic
particles were washed 4x in 50 µL PBS using a permanent magnet and suspended in
10 µL PBS.
Test sample
For testing the protein purification methodology 0.2 µM Soybean Ferritin (abcam,
#ab225968, Switzerland) was added to HEK293 lysate (83 Mio cells/ml). HEK
293 cells were prepared according to [Arnold et al. 2016] and lysed with a dounce
homogenizer by applying 100 strokes. After lysis, proteasome inhibitor cocktail was
added (Sigma-Aldrich, #11697498001, Switzerland). The lysate was aliquoted and
stored at −20 ◦C in the fridge. For protein fishing experiments, aliquots were dawn
on ice and Soybean Ferritin was added.
Protein purification
For protein purification experiments 3 µL of prepared NTA-beads were mixed with
10 µL spiked lysate and incubated 15 min. To reduce unspecific binding 35 mM
imidazole was added. Then the solution was aspirated in a 150 µm microcapillary
at 2 µL min−1 and passed through the magnetic trap where magnetic particles with
attached target proteins were immobilized. Then the flow direction was inverted
and the plug was washed with 300 µL wash buffer (20 mM NaH2PO4,0.5 mM NaCl,
pH 7). For elution the plug was exposed to 365 nm UV light (1150 mW) for 15 min.
Finally, the cleaved target proteins were dispensed on a glow discharged negative
stain grid (400 mesh Cu, covered by a carbon-coated parlodion film) and negatively
stained using a conventional protocol described in [Giss et al. 2014].
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Cryo-EM massively improved in recent years, leading to a virtual explosion of
published TEM protein structures. These advances can be attributed to improved
detectors, instrumentation, and software. However, sample preparation methods
lack behind and did not change a lot since their invention 30 years ago. Classical
approaches involve a problematic paper blotting step and require several micrograms
of protein, despite only 10’000 to a few million protein particles are needed to solve a
high-resolution structure. Thus, tremendous amounts of overexpressed proteins have
to be purified, from which the largest portion is lost during specimen preparation.
The results presented in this thesis show that microfluidics enables the purification
and preparation of endogenous proteins for structure determination by TEM, offering
an attractive alternative to typical protein isolation strategies. Often, the natural
expression level of proteins is too low; therefore, the target proteins are produced in
overexpression systems. However, several pitfalls can hamper recombinant production
such as low solubility or toxicity to the host cell. Furthermore, vast amounts of
biological starting material are required, and several time-consuming chromatography
steps involving cycles of target binding and washing have to be applied. For each
step, retention of the biological activity and chemical integrity has to be ensured. In
summary, the classical approach is time-consuming and labor-intensive, and only a
small fraction of the protein can be finally used for the structural analysis.
The presented microfluidic protein purification method allows protein isolation in a
single purification step within only a few hours. In contrast to standard purification
approaches, the cryoWriter setup does not rely on expensive protein production
systems, chromatography columns or centrifuges. Isolated targets can be vitrified
in a swift manner reducing potential damage during sample preparation, which is
especially important for unstable proteins such as membrane proteins. The elution
by photo-cleavage is more specific than competitive elution approaches and does not
release unspecifically bound proteins; therefore acting similar to a second ’purification
step.’ Due to the high affinity provided by specific antibodies, the method allows
the purification of endogenous proteins from minimal amounts of cell lysate without
overexpression. Thus, much less biological starting material is required, facilitating
the use e.g., for diagnostics in amyloid diseases, where only biopsies of a minimal
amount of analytes can be taken. The ultimate test for the cryoWriter system
would be to solve the structure of a protein from the single-cell lysate. Theoretically,
the amount of some highly expressed proteins is enough to perform a cryo-EM
single-particle analysis, e.g., the proteasome 20S is reported to be expressed in the
µM range. Assuming a volume of ≈6 µL for a eukaryotic cell, we expect 3 600 000
copies of the protein complexes in a single cell. If only 1 % of these particles could
be imaged, one should be able to obtain a high-resolution map of the protein. In the
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case of the proteasome 20S it will be of interest if structural changes between cells
in different states can be seen, e.g., after triggering by a heat-shock, and if one can
draw any conclusions about the ligands and the regulatory subunits. The single-cell
lysis module could be used to open and aspirate eukaryotic HeLa cells in a volume
of ≈3 nL into the apex of the microcapillary (a dilution of ≈500×). Subsequently,
the cell lysate is directly mixed with a 3 nL Fab fragment solution, and after a short
incubation, with streptavidin-coated superparamagnetic particles (volume: 14 nL)
resulting in a total volume of 20 nL, or a dilution factor of ≈3500×. Therefore,
for high-affinity monoclonal antibodies, we are comfortably above typical antibody
dissociation constants of KD, where recently a median value for the KD = 66 pM
(n = 1450) was reported [Landry et al. 2015]. Using high antibody concentrations,
which can be performed at reasonable costs, further stabilizes antigen-Fab binding.
Another goal is performing quantitative studies using the cryoWriter setup. Since
the method allows preparing grids in a lossless manner, the visual investigation of the
proteome of individual cells becomes feasible. As shown by [Syntychaki et al. 2019],
the expression levels of proteins in single cells can be analyzed and compared to each
other using differential visual proteomics. We envisage the method as a tool for the
untargeted profiling of the structural changes in the proteome of single-cells as a
response to a disturbing force.
Further, the quality of prepared grids could be improved. The presented instrument
and methods bypass paper blotting steps entirely. However, the aggressive air-water
interface (AWI) can inherently not be avoided. Therefore, a conditioning module to
dope the system with detergent molecules covering the air-water interface could be
used. Through the injection of low-molecular-weight substances in the gas stream
subsequently, a thin layer at the AWI is formed, which eventually protects sensitive
proteins. Additionally, this might influence the orientation of the protein particles in
the ice and might help in cases where 2D classes of specific orientations are missing.
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